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The Earths Radiation Belts

Interaction »t the solar wind flow with the earth's magnetic el gives rise t)
a cavitv in the interplanetary medium known as the earth's magnetosphere. Within
this cavity there exists a limited reginon where the mation of energetic particles is
confined by the earth's magnetic field, This region comprises the earth's radiation
belts as depicted in Figure 5. 1. The radiation belt reginn contains electrons,
protons, helium, carbon, osxvgen, and other ions with energies from less than 1 kel
to hundreds »f Me\, Particles below 200 ke\ energyv ¢onstitute the principal
corpuscular energyv densitv and torm the extra-terrestrial ring current. Confine -
ment (or trapping) of these particles results from the dipalar-like topalagy of the
geomagnetic field, which is characterized bv magnetic field lines that eonverge at
high latitudes 1owards the poles resulting in a relative minimum magnetic field

strength region in the vicinitvy »f the gesmagnetic equator.  Figure 5,2 illustrates

orincipal aspects »f a charged particle trajectorv in magnetic mirror field gesmetry,

. . . —0‘ -> ad . -
The magnetic fhree (F - v 7 B) deflects the particle velacity vector v <o that the
-

particle spirals around the magnetic tield .  The convergence of the magnetic
lines of force causes a tightening o1 the spiral angle andeventually a reflection »f the
particle from the high magnetic field region (mirror point); for this reason the carth!
magnetic field is vapable of confining charged particles. A detailed account of single

narticle motion in magnetic fields is found in Roederer, !

(Received tor publication 26 August 1183)

1. Roederer, J.G. (1770) Dvnamics of Geomagneticallv Trapped Radiation,
Springer Verlag, New York,
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Figure 5.2, A Charged Particle
Trajectory in 4 Magnetic 'Bottle'.
Conscervation »f the first adiabatic
invaviant can cause the spiraling
particle to be reflected where the
magnetic el is stronger,  This
causes the particle to be trapped by
the magnetic field

To a fair approximation, the earth's magnetic ticld in the radiation belt revion
can be described in terms of a magnetic dipole bheated near the center Hf the carth,
The dipole moment is M 0.312 G R: and the dipole s directed =9 that the mag
netic south pole on the earth's surtface is [ocated in northern Greentand (geographie
conrdinates: 78.5° N, 2917 1); on the earth, the northern end of the compass nee He
noints to this location. The spatial distribution of the dipolar magnetic tield strength

bevnnd the surface of the earth is

-3 , 1/2
BB (R [Fo3cosTa) (5. 1)
ER. -
D cos A

where R is the radial distance measured rrom the center of the earth, R", is the

. 0.312 G is the equatarial tield at R R}',, and A is the

magnetic latitude., A detailed account o the earth's magnetic field and its variability

radius of the earth, B
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is found in Chapman and Bartel=.7 Since the e e Pod s ot e g,
a radiation belr particle cxperiences varvng praonet reb b strensthe aner s

trajectoryv,  Field variatinns on o lengthy scoade o Uhe o e gt e regrt L e

o [

radius cause a ner drilt woros= the moagnest Stel o She azeenthoad Yaeb b bre
around the earth as (llustrated in Figure 5030 This 05 a0 fiver peaal o the el
strength being greater closer to the eacth, causing the puarticle arboial o lins o
curvature to be less there, The divection Hf the mugnetic force depenis an the
sign of the particle charge: elecirons drift eastward and (positive) 1ons {rift west-
ward, Thus the energetic trapped particles are spread out in a beit-like conlisura

tion around the earth, forming the raliation belts.

Figure 5.3. Schematic Representation of
the Gvration and Azimuthal Drift (Solid
Curve) of an Equatorially Mirroring Proton,
With As§0ciat0d Current Patterns (Dashed
Curves)

2, Chapman, S., ani Bartels, .J. (195 1) Geomagnetism, Vol I-11, Oxford Univer-
sity Press, London,

3. Schulz, M., and Lanzerotti, 1., .1, (1674 Pacticle Dittusion in the Al‘mfli 1o
Belts, Springer Verlag, New York, - - -
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Radiation belt electrons move at verv high speeds. For example, clectrons
with a kinetic energv of 500 ke\ move at 85 percent of the speed of light,  Radiation
belt electrons must thus be studied using relativistic theorv,  lons, because thev
are substantially heavier, generally moave at subrelativistic velocities: at 500 kel
the proton speed is 3 peveent of the speed of light, while the heavier jons are even
slower at the same energy,

The composition and flux intensities of the earth's radiation belts are deter-
mined by the strength of the sources, internal transport processes, and loss
mechanisms.  The H»uter boundary of the radiation belt trapping region ocours at
"he point where the magnetic field is no longer able to maintain stable trapping,
and at low altitudes the ecarth's atmosphere forms an effective boundary for radia-
“ton belt pavtivies, During geomagneticallv quiet conditions, the radiation belt
region extends f'rom the top of the atmosphere along magnetic field lines to an equa-
orial radial distance of at least 7 earth radii. Fnergetic jons and electrons that
encounter the Cdensce atmosphere collide with the atmospheric constituents and are
readily ost teom the radiation belts,  Particles with mirror points well inside the
atmasphere (nominatly below ~ 100 km altitude) are said to be within the atn,»spheric
ftbounce) Ihss cone. Kinematically, the angle between the velocitv vector »f such
vartivies and the magnetic tield direction (the piteh angle) at the equator is below a

certain value, known as the loss cone angle.  Figure 5.4 exemplifies this,

MIRROR
PO

Figure 5.4, [Illustration of Mag-
netic Mirroring in a Dipolar
Magnetic Field. The single par-
ticle trajectory shown in solid line
is for a particle outside the
atmospheric bounce 955 cone and
the dashed line represents the
trajectorv of a particle inside the
loss ¢one. The latter particle will
encounter the denser parts of the
earth's atmosphere (mirror point
height nominally below 100 knu,
and will thus precipitate from the
radiation belts,

The earith’s radiation environment is best studied bv combined experimental and

theoretical means. On one hand, it is impossible to encompass the entire mage=

netosphere by experimental techniques or even to measure all the physical param - -
eters that mav have bearing un the dvnamical phenomena; on the other hand, this S
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< a environment is so complex that there can be little hope of theoreticully predicting
‘.'. . the total radiation belt behavior solely from a set of mathematical postulates. For
_w example, the governing diffusion equations describing the trapped radiation phenomen:
:.::.: may be known in analvtic form, but the transport coefficients that enter into them
:“'.:'} must be empirically determined.
::.'1:3 This report discusses these and other applied concepts. The current state of
'\ knowledge of the geomagnetically trapped radiation is described both from the
" theoretical perspective and from direct observations. We demonstrate how this
::E knowledge is used to construct physical models of the radiation belts. Derivations
?}'_«. of ull governing physical relations from first principles is bevond the scope of this
::::: report. However, we provide references to a number of books and research articles
S where such information can be found. Impirical radiation belt models, based on
. data compiled from many spacecraft and a brief survey of man's interaction with
-_:::: geospace are also presented.
-
8
W 5.1 THEORETICAL PRELIMINARIES
::-: The difficult mathematical problem of the motion of energetic charged particles
:‘.::: in a dipolar magnetic field was extensively studied during the first half of the
-::::' twentieth century. A general analytic solution to the equation of motion was never
:-‘.'i found, and in most cases particle orbit tracing had to be done numerically. The
interested reader is referred to St'(')r'mer.4 Physical approximations that lead to
great simplification have, however, been found. This is known as the adiabatic
theory for trapped particles, 3 and the earth's radiation belts have now been success-
fully described in terms of adiabatic invariants and their perturbations.
5.1.1 Single Particle Motion
An ensemble of ions and electrons moving in space constitutes a plasma that
can exhibit many modes of collective as well as single particle bahavior. In the
presence of electric (E) and magnetic (1-3’) fields these particles are subject to the
electromagnetic Lorentz force, F= q (fi’ + VX fi'), where q and 3 are the particle
o charge and velocity vector respectively. Lor ions q = Ze, where Z is the ionic
‘J* charge state and e is the unit charge; for electrons q = -e. This force controls the
::‘ particle motion, and collectively the ensemble of charged particles can modify the
\" fields through induction, charge separation and electrical currents formed by
4, Stormer, L. (1955) Polar Aurora, Clarendon, Press, Oxford.
5. Alfvén, H., and Fdlthammar, C.G. (1963) Cosmical Electrodynamics,
Clarendon Press, Oxford, United Kingdom.
17




AR AC A AR i A A R 6 20 A s e e Bhe 0w 22ty 4 i i R ek Sl Sy

differential ion and clectron motion.  When the latter effects are negheible, e

particles move independenthy of each other and the single particle notion approxi-

mation is applicable.

For geomiagnetivaily teapped prorticles there exist three quasi-periodie motions:
svroroationaround tne magnetie field lines, bounce motion between the conjugate
nmirrorpoints and drift motion around the eurth,  The fundamental phyvsics in tins
approximution is described in detitl by AUeén o) Flltharimar, Y One shoul §aore
that the frequaencies as<socviate fwith each of these perindie miotions are <such that

- t't T b this reason the three tvpes are constdered ancounle o,
SE A yatn e e

Fivcure 5.5 itlustrates nurerical values or these fumndaeiental particle motion Mre -

. . 3
quencies for protons and clectrons in the carth's radiation bhelts,

PROTONS ELECTRONS '
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Figure 5.5, The Gyration, Bounce, and Drift ‘
Frequencies for Equatoriallv Mirroring Par- i :
ticles in a Dipole lield as lMunction of 1.-Shell !
for Different Particle Energies®
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5.1.2 Adiabati. Invariants

In general, the motion of charged particles is such that momentum und energy
can be transferred between the different particles, and between the particles und
the fields that influence their motion. Therefore, it is not always possible to
identify constants of motion. However, under certain conditions these energy und
momentum exchanges are very small, and it is possible to identifv specific quun-
tities that remain virtually unchanged with the particle motion. These are culled

adiabatic invariants.

Associated with each of th.- three quasi-periodic modes of motion is wn adinbatic

invariant related to the Hamilton-Jacobl action variable:

s

) -t (5. 2)

-
>

J=¢ P+
1

Ao

where dZis a vector line element along the path »f integration. Here l-; is particle
momentum, A is the magnetic vector potential (that is, l—; - \:" % K) and ¢ is the
speed of light. The integration is extended over the particle nrbit for gvro motion,
bounce motion, and azimuthal drift motion (for i = 1, 2, 3 respectivelv)., If the
particle's trajectory vlosed exactlv ov itsell, then the action variables ",‘ would be
absolute constants of motion.  Finite spatial and temporal variations in B prevent

verfect closure, and thus the .lis are at best approximate constants.
5.1.2.1 FIRST ADIABATIC INVARIANT

J1 is obtained by evaluating the integrul in Lq. (5. 2) over the particle gy ro
motion only, that is, over the purticle orbit projection in a plane perpendicular
to I-S: Using subscriptsy and L to denote directions parallel and perpendicular
to l—;, and by virtue of Stokes' theorem [Schulz and Lanzcrotti:s] one derives

2 q:p%p 5.3)
Jl— o pl+€npg, (5,3

g

-5
where B = | B!, and Qo= Py il ql B is the particle gvro (or cvelotron) radius,  From

this, one defines the first adiabatic invariant

p 2 i
W= Py _ p sin o (5. 4)
- ZmOB N m ’

also known as the relativistic magnetic moment. lere m is the purticle rest mass,

and a = arc sin (1} * B/pB) is the pitch ungle illustrated in Figure 5.6.
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For non-relativistic particles,

1 2
€, om,v,

N W= - 5 (5. 5Ha)
s
200
';.::: where CJ_ is the particle kinetic energy associated with the directions perpendicular
" B to the local magnetic field direction, while for relativistic particles,
o : Lo 2
1 2l T 0L - =
.:_"‘.‘ u = HI;B- =y [——B—_] ) (5. 5b)
. \.4
2N
e N 2, 2 . .
:‘.\ where the relativistic factory = 1/Y1-v7/c”, u is an approximate constant of
AR
N motion when both of the following conditions are fulfilled:
A —The spatial scale of B-field variation is much larger than the particle gyvro-
> 0) .
SSA radius
A
L ‘A. B
»O > > = : = i 5.6
*.:. VIF pg p_L/B |q| ? m_v sin al/B lq . (5.6)
Ry«
.'q" —The time scale of change of the B-field is r~uch larger than the particle gvro-
.-::r period
et
f.\j
= /' = / - -
Y '1‘>>'rg ang vy 21r)moB|q| . (5.7)
)
“ 5.1.2.2 SECOND ADIABATIC INVARIANT
T
’ .':/" J2 is obtained by evaluating the integral in lZq. (5.2) over the bounce trajectory
) ".’
=g and averaged over the gyvro motion, or equivalently along the magnetic field line
v (guiding center field line) around which the particle gvrates, thereby defining the
A f:: second adiabatic invariant:
e
B .f .
A
oA
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he..-
.
&S
b
AN
>

B i G T O S A o, A S, G LA LNy oD,




P N RN N )

- f
n
J=la = rgy ut- 4 (5. 8)
= 2— Y 2 = -2- P s = p“ ¥ LD,
'-::" ‘(m
o - 2
LN . .. . " . .
SN where d? is an element of length along that field line segment and T 18 the curvi-
":" linear distunce of the mirrorpoints from the equator measurced ulong the guiding
N center magnetic field line.  Since equatorially mirroring particles (aU = 7/2) do not
. have any bounce motion, it follows that J = 0 for such particles.
..
.' Provided the particle mirrorpoints are above the dense atmosphere, J will
:‘ remain an approximate constant when the time scale of B-field variations is much
o lurger than the particle bounce time between the conjugate mirrorpoints
SR ¢
\ : TIPS 5. 9)
o [‘>>TB— / v (9. (5.9
{‘-' _[m
-. Constaney of the first adiabatic invariant 4 implies that
.2 .
= sin” o .2
X o _sin_a _ 1 (5. 10)
. B B B '
¥ o) m
)
ks
::: over the bounce motion between the mirror points. llere, the subscript zero denotes
{ equatorial quantities and Bm is the magnetic field induction at one of the mirror
% points (where @ = 7/2). Equation (5. 10) is known as the mirror equation. Using
e Eq. (5.10) one finds
DAY e ‘fm
0N m ) m %
A _ o B .2 _ o B
., T, TB = P / dé (1 —E-O— sin ao)-—p— f dg (1 q). (5.11)
L m
O
<o and in dipolar coordinates [Eq. (5. 11)] becomes
L)
0 2m y
[ LT 5 T(oto) (5.12)
-
:.-: where T(ao) is the bounce time integral given by
N
. A (a)
AN m o 2,.1/2
A - o
e T@ ) = f cosA[d-Scos A] "~ dr | (5.13)
o, (o} o3 .
N sin” a_ 2..1/2 1/2
) ’ o 1-——6——[4-3cos A]
» cos A
SR
vl..‘-\
) and )‘m(ao) is the magnetic latitude »f the mirrorpoint, which depends on the equa-
S
. torial pitch angle a .
A9 o
C 21
o
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To a fair approximation

. . P . 6 -

I‘mo) * 1.30-0.56 sin Qg [Hamlin et ul™) EPRE R
or alternatively

5 .
T(ao) * 1,3802- 00,3198 (sin g+ [sin aU]]/"i {Schulr and L;mz.m-um“].

(Ho 1)
Other approximations are given by Davidson. ' Grudients of 'I‘(aui <hould not,
however, be derived from such approximations. I'rom Lgs. (3. 1) and (5. 10) it
follows that
B B..
B = —pS - L , (5. 16)
m L2 3 .2
sin « L sin «
o o
where in dipolar coordinates, L. = R/RF (measured at the equator), and
6
sin2 a = °® Am (ao) (ho 17
o . Z e - ot
[4-3 cos™ A (a )]

Although kq. (5. 17) cannot be solved explicitly for the mirrorpoint latitude Amtao).
a numerical solution is easily obtained, or onec mayv approximate, as in Hamlin ¢t al:

. 1/4
5 Y % |g =
cos /\m lao |sin 010] . (5. 18)

It should be emphasized that using a dipolar magnetic field representatior.
explicitly disregards any azimuthal asymmetries of the geomagnetic field. Such
asymmetries do exist and become significant beyond I.=5. Under such conditions
a different mugnetic field representation should be used, and this is outlined in
Section 5.6. 1. 4.

5.1.2.3 THIRD ADIABATIC INVARIANT

J3 is obtained by evaluating the integral in Eq. (5.2) over the particle drift

motion around the earth, and averaged over gyro and bounce motion

6. tHamlin, D.A., Karplus, R., Vite, R.C., and Watson, K. M. (1961} Mirror and
azimuthal drift frequencies for geomagnetically trapped particles,
J. Geophys. Res. 6§;:1.

7. Davidson, G.T. (1977) The motion of charged particles in the earth's magnetic
field, The Trapped Radiation Handbook, Fds. J.B. Cladis, G. T. Davidson,
and L.. L.. Newkirk, lockheed Palo Alto Re. rch Laboratory, DNA 2524111,

22
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where & is the magnetic flux enclosed by the azimuthal drift orbit and 1 is lineusr
azimuthal distance. Using Stokes' theorem vields

-

- - - _
4);1}‘\'1[:];'[5'({5 (5.20)

where 3 is a surface bounded by the azimuthal drift path, In a dipolar magnetic
field one calculates | Roedere r]l,

)

25 B R;,
& - ———l___— R (5.2

where 1. is the l\lcllwain8 l. parameter,

‘]3 will remain approximately constant when the time scale of B-field chunge is

much longer than the azimuthal drift time 7 d= $ ds/\'d around the earth. Deter-
drift
mination of the azimuthal drift velocity is discussed in the next section.

5.1.3 Particle Drift Motion

In a uniform magnetic field, charged particles execute « spiral motion such that
the angle between the particle velocity vector and the magnetic field direction (the
pitch angle) remains constant. When the magnetic fieldlines converge, the particle
will respond to un effective net magnetic force from higher to lower muagnetic field
strengths. This is illustrated in I'igure 5.7. The phvsical reason for this force is
that the particle gyro motion produces an elementary current (which may be inter-

preted as a magnetic dipole current loop). Lor each such loop the effective current

is
. dq qp‘L -
1 = =2 = g , (5,22)
D t 27 pgmoy

where p‘gr is the mean gvroradius over the loop. The magnetic moment of a current
loop enclosing an area A is
2

N
I - L .
l\l = lp é = Iﬂo)—‘B- » (H,23)

8. Mecllwain, C.E. (1961) Coordinates for mapping the distribution of magnetically
trapped particles, J. Geophvs. Res. £6:3681.
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Figure 5.7. (a) Particle Motion in a Uniform Magnetic
Field (Uniform Spiral Motion); (b) The Tightening of
Spiral Motion in a Converging Magnetic Field; and (c)
Illustration of Magnetic Force With Gyroaveraged Net
Component in the -V B Direction in a Converging
Magnetic Field

where A =7 p2. which is the particle magnetic moment itself. The particle will

— e !

therefore, averaged over its gyro motion, be subject to a net force F=-M 3” 1
in the direction along the field lines away from the higher field region.

In general, the magnetic field may also have an intensity gradient across the
field lines. This is illustrated in lFigure 5.8. Charged particles moving in such
a magnetic field will have a smaller gyroradius in the higher field region and a larger
gyroradius in the lower field region. As a consequence, there will be a net drift
velocity perpendicular to the magnetic field direction. In this figure, a positive
charge would drift downwards (into the paper), and a negative charge upwards (out

of the paper). Defining the angular gvrofrequency

o-lal B (5. 24)

»
m yc
oY

one can express the instantaneous vector gyroradius as

Tl

P =22 c
4 onB qB

- _’YB
B p'z (5. 25)

3

and the drift velocity is then the time rate of chuange of?)g

-
2 _dPg ¢

_.
v (=== > B) (5. 26)
d dt qu

~lo'y
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. Figure 5.8. (a) A Uniform B-l'ield Represented by Evenly
Spaced Field Lines and (b) A Nagnetic Field With Increasing
Strength Perpendicular to B, Represented as Denser Field
[.ines With Increasing B

. . . . . . i 2 dp .
where it is assumed thut the muagnetic field is constunt in time, With = TTiL being

tiie net force due to the cross-B gradient, one obtains the gradient drift

=
\ -

s M€ B B
= t= 4 2 X i
gd 3 1 i
- qB

B E A B. 2T
-qB~
el -

-2 my, Gy B3

which non-relativisticallv 1s just

The earth's magnetic field is also curved (that is, the dipolar-like field lines

form loops from pole to pole), and the field line radius of curvature is given by

R Y L2302
R = ;’ cos A 423 ’“’,,"’ (5. 28)
¢ - sin® A

where the individual field lines are described by the dipole relation

2 -
R= R _ cos & (5,29
o
-
with RO = RFL' Thus a charged particle moving in that field will experience a
centrifugal force
25
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which non-rvelativistically becomes
s
N —.;—“8“ RN 33
\ = 3o 3 . 5, 4.
cd . ¢ 1 ! t ’
ql3

Although the effect of the earth's gravitational field is rather small compured

to other forces on radiation belt particles, it can easily be included:

o emyY N o
\gr‘u\' - T 8 B) th, 34)
(o] 8

-3 . - .
where g is the vector gravitational acceleration,

The effect of a weak, externally imposed electric field is also easily taken into

account:
hd ¢ d nd l—: b l_; - =
\cd: —g gk B¢ . (5.35)
qB B

The clectric field drift is independent of particle charge and mass as long as either
is non-zero.  Thus, under the influence of an electrostatic field, the electric field
coroponent perpendicular to the noagnetie field direction causes jons and electrons
to drift together (plasrma flow), while under the influence of an inhomogeneous mag-
netic field, oppositely charged particles drift in opposite directions (causing current
flow),

The total particle drift velocity is then the superposition of the contributing

drifts:
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non-relativistic particles this mayv be expressed by

8L‘2€u =

and for

- - .
a oS WS B
. - > l.n}‘)" - -
= (B B — (g v B).
B~ qB3”©

(3, 38)

(5.37)

In the dipolur mugnetic field representation, an approximate formula for the drift

period {5 given by Davidson

I.-&dl\t

"d

i
Ly (vic) (1~0.43 sin (YU)

. 4 - = s
where K= 1, 0308 © 107 sec¢ for clectrons, [\t = 5.65
*)
47 7.0 H}.. RT.
K, = ! ——> for ions of mass my and charge state Li.
3, k'.
1

sece for protons,

and

The curtoon in Figure 5. 9 illustrates the principal drift effects associated with

the ditferent drift mechanisms.  In Fgs. (5. 36) and (5. 37) the tern.s

orders of thelr importance in the radiation belts,

are listed in

Above ~10 ke\' the magnetic

gradient-curvature drift is generally strongest, and static electric ficld and gravity

effects are usually neglected in radiation belt studies.
carries energetic electrons towards the east and ions to the west,
be o net westward electrical current encircling the earth,

trinl ring current. These findings are summarized in Figure 5. 10.

5.2 TRAPPED RADIATION SOURCES

The gradient-curvature drift
Thus there will

This is the extraterres-

Precisely where the radiation belt particles come from and how thev are

accelerated to energies in the kel and Me\

which a comprehensive unswer is not vet available.
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5.2.1 Qualitative Description

A number of sources are considered responsible, und the effectiveness of each
probably also varies with time:

(1) Particles from the sun, including solar wind purticles and energetic solur
particle emissions, possibly via magnetotuil storuge.

(2) Particles from the earth's ionosphere, including the polar wind tlow into
the magnetotail, particles flowing up the magnetic field lines to form the plasma-
sphere and particles accelerated out of the auroral ionosphere.

{3) Cosmic ray albedo neutron decay (CRAND) within the trapping region.

(4) Particles arriving at the eurth having been accelerated in interplanetary
shock waves or in the magnetospheres of other plunets.

(3) Low energy components of galactic cosmic ravs.

(6) In situ acceleration of pre-existing lower energy trapped particles within
the radiation belts.

The solar wind flows past the earth’'s magnetosphere virtually at all times.
Some of these particles may find their way through the outer regions of the mag-
netosphere to the stable trapping region; (Hovestadt et alg)this process mav be par-
ticularly effective during periods of southward heliospheric magnetic field. Direct
transient injections of solar energetic particles probably also occur, particularly in
conjunction with magnetic storms.

Ionospheric particles diffusing out of the polar ionosphere (polar wind) escuape
into the magnetotail region from which some muy become energized and injected
into the trapping region. Auroral electric fields are intermittent and can have a
significant component parallel to the magnetic field, and ions and electrons from the
topside auroral ionosphere can be accelerated to multi-ke\ energies, The wave
fields associated with plasma waves may also cause particle acceleration. This
could be a source of II+. He+, 0%, and electrons provided other processes act to
trap the particles.

Cosmic rayvs impacting the earth's atmosphere undergo nuclear reactions, and
a flux of neutrons escapes from the top of the atmosphere. l'ree neutrons are
unstable and decay into a proton, electron and neutrino triplet on a time scale of
~ 1000 seconds. If the electrically charged decay products find themselves within
the radiation belts, they will immediatelyv be subject to the magnetic force und may
become trapped. kmpirically, this is an important source of multi-Me\' protons
in the innermost part of the inner radiation zone ¢I. £ 1,5), There is little direct

informution about the efficiency of direct extraterrestrial energetic particle trapping

b, Hovestadt, D., Gloeckler, G., Fan, . Y., Fisk, 1..A., Ipavich, F. M.,
Klecker, H., O'Guollagher, J.J., und Scholer, M, (1978} Evidence for solur
wind origin of energetic ions in carth's radiation belts, Geophys., Res. l.otts.
5:1055.
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in the radiation belts. One may surmise, however, thut time variability of the
geomagnetic field is needed for trapping to occur or that incident extraterrestrial
energetic ions in low charge states (for example (7 and o) muy charge exchange
to higher charge states (for example, (‘64 and O%%) within the magnetosphere so
that their gyroradii become small enough (p = Py Q) for trapping.

The plasma sheet in the earth's magnetotail is considered u possible reservoir
for radiation belt particles. However, the plasma sheet particles themselves dre
likely to be a mixture of particles from several of the prime sources men:ioned
above. During magnetospheric substorms plusma sheet particles convect inward
toward the earth, and in the process can be accelerated and may become t apped
in the radiation belts. Unfortunately, little is xnown about the specific details of
the time-dependent trapping process and it is not vet possible to make a quuntitative
evaluation of the strength and characteristics of this source.

Current research also points to the ewrth’'s jonosphere as un importunt contribu-
tor to the lower encrgy particle population tbelow & few tens of ke\') perhaps with &
roughly equal contribution from solar wind particles.  In contrast, the aigh energs
particles (above ~ 300 ke\) uppeor to have an extraterrestrial source. The former
conclusion is derived {rom observations of dominunt oxyvgen fluxes at times, while
the latter stems from observed carbon-to-oxvgen ratios of order unity. Lor the
very important intermediate energy range where most of the radiation belt encrgy
density is found, there is no experimental result indicating the source.

A simple theory that seeks to explain obscrved stormtime enhancements of
radiation belt particle fluxes at tens and hundreds of kel energies has been udvocuter
by Lyons and Williams. 10 Particles existing in the outer radiution zone i
suddenly, during the storm main phase, be subject to an electric ficld that trans-
ports them towards lower L.-shells on u time scale that preserves poand 1 but
violates the constancy of ¢ For equitoriully mirroring particles, n radial displace-

ment from L. = 53 to L = 3 increases the particle energy by a factor of ~5, Purther-
more, if the particle spectruni follows a power law distribution jiio = (i 14“\_” with
u = 3, for example, then the a2pparent particle rlux enhancenient scen at fixed
energies will be a factor of 125, Seen at a fixed 1.-shell, the observuble fiux
increase will be even greater if the pre-storm radial distribution {alls off towirds
lower I.-shells (as may be the case at lower radiation belt (nevgies), and =mualle

if this flux gradient is negative. Given the knowledge of the storn. perturb:tion
electric field (magnitude, direction, azimuthal extent, and duration) together with
observations of the pre-storm rvadiation belt structure, this in sitn “source Qs an

principle assessable.

10, IL.yons, L. R., and Williams, b, J. (12800 \ source for the geomagnetic stors
main phase ring currvent, J. Geoplivs, Res. $0:0205,
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5.2.2 Simplifying Assumptions

FF'or most of the radiation belt source mechanisms accurate quantitative informa-

tion is still lacking.

Ly

Ideally, one would like to know:

A
b '
vl

(1} The source strength for different particle species as function of energy
and pitch angle,

(2) The effective source locations within and on the boundaries of the trapping
region, und

(3) The source strength as function of the different geophysicul conditions
during quiet and disturbed times,

Unfortunately, contemporary research has not vet yielded quantitative answers
to these requirements. \Without this information, how can we understand and model
the earth's radiation belts

F'or quiet time conditions, one can solve the steady state radiation belt truns-
port equations for the interior of the radiation belts subject to suitable outer zone

boundary conditions on the trapped fluxes. This amounts to the assumption that the

radiation belt source is capable of supplying particles to the outer radiation zone
boundary at a rate sufficient to offset losses within the trapping region. The
existence of long-term approximate stability of the radiation belts as a whole during
extended quiet periods supports this contention, and fortunately, trapped flux ob-
servations from geostationary spacecraft, such as ATS-6, of the outer zone flux
levels at L. = 6.6 makes this a feasible solution.

This is not a satisfactory situation for magnetic storms and other disturbances.
As a consequence most radiation belt modeling has been done for steady state, quiet
time conditions. Time dependent radiation belt modeling would require time de-
pendent boundary conditions averaged over local time. It is conceivable that data
from several geostationary satellites may be used for this purpose, but this has

not yet been done.

5.3 TRANSPORT PROCESSES IN THE RADIATION BELTS

As we have seen, in the static geomagnetic field, radiation belt particles
execute the three periodic motions: gyration around the magnetic field lines, bounce
motion between mirror points, and azimuthal drift around the earth. The latter
type of periodicity is caused by the gradient-curvature drift due to the inhomogeneity
of the magnetic field., Effects of electric fields and gravity cause departures from
this simple picture, but both forces are primarily important at low energies, typic-

allv below a few tens of ke,
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5.3.1 Convection

a s
.
a4

Magnetospheric convection results from externally imposed electric fields.

The solar wind flows past the earth at a velocity in the range 200 - 600 km sec.

e o0 -
-t - L . . 2 . b4
‘: This implies o convection  electric field E = z— = B across the earth's muag-
: netosphere directed from dawn to dusk. Combined with the electric field induced
:-: by the rotation of the carth, a characteristic magnetospheric convection pattern 1s
set up. i The radial corotational electric field is induced by the earth’s magnetic
e dipole field corotating with the earth. IMigure 5. 11 shows model electric cqui-
e potential lines around the eurth due to these electric fields in a time-independent
) . .
\$ situantion. Puarticles of quite low energies (L 1 keV ) are primarily controlled by the
<! clectric field drift, and their motion approximately follows the cquipotentiil lines
\ as indicated by the arrows in Figure 5. 11, Notice the topologically distinet regions:
=) near the carth where the convective motion follows oval puths wround the ecarth, and
ot at greater distances where the drift paths are open to the muagnetopause. Depurtures
'.:j from this overall configuration of course take pluce during disturbed conditions when
::J the imposed "convection” electric field is time vuriuble and the low energy particle
yx 2,13
distributions are not in equilibrium. 121
v:.‘n
Y iy - N .
“ar Figure 5. 11. Lquipotential
o Contours for an Llectric
o, I'ield in the Karth's kEqua-
torial Plane (Dashed Lines),
i . These are also drift paths
Oyl for very low energy particles.
A The electric field is 4 super-
e position of a corotational
-:.- LE-field due to the rotation
. of the earth and its imbedded
o magnetic field, and a uni-
form dawn-dusk electric
£ field, The separatrix
.:,xf (solid equipotential curve)
,-::. is the low energy particle
Vo laver that separates the
:;\‘ pen and closed drift paths. 14
The outer oval represents the
- magnetopause in the
- equatorial plane
S
A e
Aty
-,
\-‘: (Due to the number of references cited above, they will not be listed here.
:, See References, page 127.) |
’n. .|
~ 1
]
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5.3.2 Stochastic Prc Phenomenology

At higher energies, particularly above a few tens of ke\', the dominant drift
of trapped particles is due to the gradient and curvature effects of the geomagnetic
field. The prime drift motion is therefore circular (With gyro und bounce motion
superimposed) around the earth. Departures from this pattern are due to the
fluctuations of the geoelectric and geomagnetic fields induced by variations in the
solar wind flow and internal magnetospheric processes. Radiution belt particles
are also subject to interactions with plasma waves and suffer collisions with
exospheric neutral atoms and low «1ergy plasmu particles. Common to these pro-
cesses is their randomness in occurrence, and their effects are described by
stochastic analysis that can be reduced to diffusion theory: radiual diffusion and
pitch angle diffusion. The physical ideuas are illustrated in Figure 5. 12. Radiul
liffusion transports radiation belt particles across the dipolar-like magnetic fictd
lines in the radial direction, and pitch angle diffusion alters the particle pitch angle
(or equivalently, the mirrorpoint location). In both cuses the earth's atmosphere
is a sink: for radial diffusion by transport to very !+ «w [.-shells, and for pitch ongle
diffusion by lowering the mirrorpoints into the atmosphere. In addition to diffusive

processes, energy degradation from collisions with c¢xospheric particles also occurs.,

Iigure 5,12, A Conceptual
Representation of Pitch-angle and
Radial Diffusion in the Larth's

RADIAL

OIFFUSION in either direction, but in most

cases there is a net diffusion
flux in the indicated direction
towurds the earth's atmosphere

N PITCH ANGLE
DIFFUSION

5.3.3 Effects of Field Fluctuations

Adiabatic invariants are useful substitutes for particle constants of motion. It
should be kept in mind, however, that the earth’'s magnetic field is never perfectly
static. Iield fluctuations are associated with micropulsations, 15 magnetospheric

16 . . . )
substorms, geomagnetic storms, and other phenomena; and field oscillations vary

15, Jacobs, J.A. (1970) Geomagnetic Micropulsations, Springer Verlag, New York.

16. Akasofu, 5.-I. (1968) Polar and Magnetospheric Substorms, . Reidel
Publishers, Dordrecht, Holland.
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considerably 1in maguitude, trequencies, and principal location,  The diabatie -
variants are said to be violated when electric or mugnetic ve tlations take place
near or above the adiabuatic motion frequency in question,  kven stow lield voeloa-
tions muv violate tie third adiabatic invariant 4 (7 ~ minutes to hours) white
p-violation requires wave-like fluctuations on a time scale of milliscconds.  Muacro-
scopically, the earth's radiation belts are subject to field fluctuations thet ocour
at quasi-random times, Their effects ure best described by stochastic mn-thudsl '
that treat the mean devidtions in the adiobatic invariants and the sssociated distribu-
tion function.

We deti e w particie disteibution function U= S, 0, ;0 such thed in s olune
clement of parameter space (dyz, LT, dby, the number Sf particles is viven by

AN G, gty di L d (7,3
at a time t,

Let P, Jd, & A, AJ, Ad) be the probability that 4 mean change Ap, AJ
and Ad takes place in the adiabatic invariants per unit time (r.A;Ll S,
lay
gyrophase, bounce phase and azimuthal drift phase is then governed by the relation

<< 1 and |A¢>[ << ¢). The distribution function f@u, J, ¢ t) averaged over

fw, J, & 0O = [ dawdandadfipe-aw), J-4aJ,
d-Ad t-At) P (u-Au, J-AJ, d-Ad Ap, AJ, A (5.10)

and one expands f and P in Tavlor series around the unpe rturbed quantities:

of _ @ <Ap>f>_8 < AJd > _ 9 <A<1)>f+32 . (Ap)2>f)
It T I\ At T\ At LX) At BJZ ZAt
R <<——-(A‘”2>f\ Lo <(A¢)2>f)+ o° (‘3“-‘“'>f> (5.41)
P2 B e Rre4 ( EAY: FEOT| At
82 2
<AuA¢>f . 9 <AJ Ad>,
* auad»( At 8.J8<1>( At )
+ higher order terms
where the stochastic coefficients are defined by
<AL- = [ ffdAprdANdAd g, J, b A, A, Ad) A
<AIAj = f[fdQpdANdad P, e A, A, Ad ALY (5.42)

Chandrasckhar, S. (1965) Plasma Physics (Compiled by S, K. Trehan),

17.
Phoenix Science Series, University of Chicago Press, Chicago,
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-\:'_1 with i and j being u, J or ®in all permutations.
R The transport equation [Eq. (5.41)] can be greatlv simplified by recognizing

that violation of one adiabatic invariant by a process is almost always uncorrelated

‘l P »

..‘-'_': with the process violating another. In that case all cross coefficients must vanish:
Y
4-: <ApAJ> = <AuAdd>= <AJAP> =0. (5.43)
N
-"-4 2
Furthermore, <Ai>and -é—<(A‘1) (i=u, J, ®) are related. In the absence of
.(-.j external sources and losses, diffusion would proceed to transport particles away
o from overabundant regions of parameter space until all gradients in the distribution
- function had vanished, and for each diffusion mode
_ 8 <> ,
'\ <A1>-ri——2_—-:0 (i=p, J, &) . (5.44)
',"
W
}: Equation (5. 41) then simplifies to
Y
O .
’ of _ 9 of . -
~ (ﬂ) = Zﬂ(Dii —T> (i=pu, J, ® (5.45)
transp i
: where
o
(S 2
A <(Ai)”> B .
e Dll 7. (i=pu, J, o), (5, 46)
£
\_; Equation (5. 45) is the pure diffusion equation describing diffusive transport in
" the earth's radiation belts. It is valid whenever the perturbations are small (but
y accumulative). Transformation to other variables, such as 0]. 02, 0,3 is facilitated
3 :
. by the Jacobian G = G{u, J, &; 01. 0 03) (Reference 3) such that
2 /o F 1 3 a1
- = Pl ; - 9 : .'. -
(BT) " 2, & 7o (Do.o.( g | 0= L2 (5.47)
' trans i ] 11 ]
o
N d
}:. where
- = i = ) 5,48
~ Dy o Dy | 77 i=pu, J, (5. 48)
: 3
AN
SAY
D and F = F(0, 0, 04 t).
»
1 5.3.4 Radial Diffusion
.‘.‘ Field fluctuations on a time scale comparable to the azimuthal drift time around
::.- . the earth can violate the third adiabatic invariant ¢ but preserve the yu and J
:‘:- invariants. This is the limit of pure radial diffusion. To study this process in
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<. radiation belt phyvsics requices knowledpe o1 tie U Tusion coelfreient, as woell as the .
( particle sources and los=es. [t is convenient to ase the dipote 1-shell voordinates !
-~ defined through .
1.. -
e 2 By i
.4 &= 27 R, T [ 32 -
::. I L.
) where BL’ = 0.312 G is the equatorial B-value at the surface of the earth where i
"> L. = 1. In this case the Jucobian coordinate transformation is just ;
N 1
. 8 2 1 - -
, 33 GUa®) = gp = - 20k} B, - 500 .
A . . . . ’
and the radial diffusion equation becomes l%
K
“
gof 2 9 -20f . - - “i
B—T- I. W [I)I,LI‘ -B—EJ +2—L, (5.51) ‘l
g where 5 und 1. represent particle source and loss functions. l)l [ 15 the pure radial
," diffusion coefficient at constant g and J values. It has been estimated that
D, zD (a) =D, ) T(a) (5.52) .
L = P teg) = by Fdlag 2
{ wherce J(a()) is u function only of the particie equatorial pitch angle and l)l [ (.‘7‘)
p .. is the radiul diffusion coefficient for equatorially mirroring (ao :'—é) particles
. where J(ao = '2') = 1. [For a description of E(ao) see Reference 18,
L:{ Both geomagnetic and geoelectric field fluctuations contribute to I)I Le For
- P
N\ geomagnetic fluctuations it can be shown that
5 0
N DMy, 1y = w2 PM (o1t (5.53)
“y LI d d
7 M
,,: where T’( ) is the fluctuation power spectral density evaluated at the azimuthal drift frequency
»
Ve oz —(M)

YaTTR. T T Empirically P () * w " where the value of r most often is

r=2% 1. \When r = 2, one obtains the very simple expression

a .':')_ O |

10
DA (A 10 (5.54)

where K(l\” is a factor dependent on the fluctuation magnitudes,

f;

L

18. Schulz, M. (1975) Geomagnetically trapped radiation, Space Sci. Rev. :481.
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19. Fialthammar, C.G. (1968) Radial diffusion by violation of the third adiabatic
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For geoelectric field fluctuations it cun be shown that

0 . . S
S e non spattal Fourter component ot the electric field oower
1)

where D
n ) 0 . 4
Spectral e rooasition, For detadlls, see talthammar, and Cornw all.

(

e actual caleulation of U}II)

2
to the resenrch literasture.  However, for tvpical substorm conditions, Cornwall

is fairly complicated and the reader is referred

derived the simple relation
iy D 1.10

_—
Loty 4y

where By s the mugnetic moment in Me\ ‘G and Z..1 is the particle charge stute

number.

Both K”‘“ and K(m are dependent on the geophysical activity. Likelv values

of l\'.“\“ fall in the range 2 < ]O_loto 2 X 10_8 (I.-shells)2 per day and K(L) may be
found in the range 10-b to 10-4 (L-shells)2 per day. The total radial diffusion

coefficient is then

L LD )

e LL LL ° (5.57)

[t should be emphasized that the relations in Eqs. (5.54) and (5. 56) represent

F(l\l) or P (E)
(E}

LL

simplified conditions that may not always be realized. If, for example,
(M)

IR will involve dependence on i, and D

do not follow w-z dependences, then D

may have a different form.

5.3.5 Pitch Angle Diffusion

The presence of plasma and electromagnetic waves in the radiation belts im-
plies fast low-amplitude field fluctuations, and some of these waves (such as the

ELLF whistler mode) can violate the first adiabatic invariant @. These fast

s ace & 4 . 4 4.-.1_1 A 8 "".AJ o i

invariant, in Earth's Particles and Fields (Ed. B. M. McCormac), Reinhold
Publishing, New York, p. 157.

20. Cornwall, J. M. (1968) Diffusion processes influenced by conjugation point wave
phenomena, Radio Sci. VI\S,:\740.

21. Cornwall, J.DM. (1972) Radial diffusion of ionized helium and protons: a probe
for magnetospheric dynamics, J. Geophys. Res. 77:1756.

37

S Wy o L O o o i TR A T e e L S T I




- "","‘ “:!w: e “;-“v:—_v reeery .'~YA‘"‘ ~r'_ Ll ot w_"-:_w_(‘ L .-"f.""._ ey EAVEAE i AR A i s i Ty

fluctuations will, in principle, also violate ¢ and J; however, for these adiabatic

kA .

invariants the effect is likely to be at least in part averaged out. [t is convenient

to convert from U to equatorial pitch angle (n)) conrdinates
2.3 ‘ 1
p L sm2 ao 4
=g (5.58) ':
E 4
whereby the applicable Jacobian is %J
2.3 g
T2 au p- L7 sin 2
] . - - _ = =
-‘.“ G(CYO. ) Sa — g (5.5 K
W o F ]
o -
d
>
at constant particle momentum. In the pure pitch angle diffusion limit, [ p s
unchanged and only the particle direction of motion chunges.
._“_, The pure pitch angle diffusion equation becomes
of 1 2] — . . o f
= e = 2 N - \ - 3 N
Pt Sin 20 Ty 3o “)O, o Tinea I((l’“) Ta ] B 1. 5,60
ol N [s] [e K] O
o
-" . l
e where 5 and I. are the source and loss functions sppropriate for the pitch angle 9
. , . - = . . . 1
- diffusion process. Da a 3 the bounce averapged pure pitch ungle diffusion coeffi-
. 0 o i
cient related to the local pitch angle diffusion coefficient I)(”Y b 1’
" T <
:‘\' 1 P 0 (y( \
-~ D :—_[ D 3—’) dt . (5.61) ;
ot 2% T 0 aa 2 L
1:' o
- The actual calculation Hf 1) Y fron, abserve 4 olasr o wave Jistribations in the
t (
y O
magnetosphere is quite complicated, The reafer (= reteree Uy the research litera-
222 R
ture such as [.vons ot al, ™™ 23 Retterer ot al, = Al reterences therein,
In general, pitch angle Jdiffusion can come about be violation »f 1 only (that is
4

change in pj ), bv violation of J onlv (change in pyy b or by o combined violation of

poth 1 and .1, The pure pitch angle Aiffu<ion linot is ideallv realize  when both

-
uoand J are violated so that the ratin by by hanges while PP remains constant.

\':
= —— ‘
~. 22, lwons, L.R., Thorne, R.M., and Kennel, C.F. (197 1) Electron piteh-angle

diffusion driven bv oblique whistler mode turbulence, I, Plasna, Phvs, 6:580, .
T VA

23. lLwons, L.R.,, Thorne, K. M., and kKennel, C, 1 (19721 Piteh angle dittusion of
radiation belt electrons within the plasmasphere, 1. Geophvs., Res. 77:3:155,

N 24, Retterer, J. M., Jdasperse, J.R., and Chang, T.S. (11483) A new approach to
'.: pitch angle scattering in the magnetosphere, . Geophvs, Res. 88:201.
n." - - L
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When this happens, there is no enerpgy exchange between waves and parti les,
Phvsically, this implies that the principal interaction i1s betwern the particle anid

the magnetic field of the wave.

5.3.6 Energy Diffusion

Particles can become energized when interacting with waves twave damping)
or can lose energyv to the waves (wave instabilitv).,  One mav write a pure enerpv

diffusion equation in the form

i o 1 oar .l 7 o
= G = |G = s - L', (5. 62)
a g [ €L 88]

However, such an equation has not been used much in radiation belt physics, since
almost inevitably a also changes. The more general case of coupled energv and

angular diffusion and the associated diffusion coefficients needs further research,

For formalism relating to such coupled processes, see Schulz and Lanzerotti.

5.4 LOSS MECHANISMS

Energetic particles residing in the radiation belts are subject to vollisional
mmteractions with coexisting particle populations. The most important of these are
the earth's main atmosphere, the atomic hvdrogen exosphere and the plasmasphere.
Near the carth (that is, at verv low l.-shells or for small equatorial piteh angles)
such collisions constitute a dominant energetic particle loss mechanism. But even
in the central parts of the radiation belts, Coulomb collisions and charge exchange
can bequite significant., Pitch angle scattering of particles into the atmospheric
bounce 1hss cone (where particle -particle collisions are dominant) is also of great

significance, especially for radiation belt electronsa.

5.4.1 Exosphere

The terrestrial exosphere (or geocorona) is a continuation »f the atmosphere to
great altitudes where collisions are infrequent and the constituents follow baliistic
‘rajectories,  The principal constituent is thought to be atomic hvdrogen with a

. . 4 , 3 3 . 2 3
dencaty ranging from ~ 107 atoms 'em’ at 107 km altitude to ~ 107 atoms/cm” at

. 4 . o - . . .

3 < 10 km altitude, Table 5.1 gives the mean atomic hvdrogen number density [H)
25 S

as tunction Hf [-shell at the cquator™ and it is thoucht 1o be an average representa-

Hon for an exospheric temperature of ~450K. The exospheric temperatures and

densities will of course change with solar and geomagnetic activity,

25, Tinslev, B, AL (1076) Evidence that the recovery phase ring curreat consists of
hetium ions, I, Geophvs, Res. 81:6103,
AN
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Table 5. 1. Number Density of Neutral Hydrogen at
the Equator for an Exospheric Temperatg}u‘e of 950 K
and for Average Geomagnetic Conditions2°

T = 950 K
L-Shell (H] (1 em) L-Shell [H] (1/em)
1 15000. 1.5 16000.
2.0 3700. 2.5 1500.
3.0 800. 3.5 470.
4.0 300. 1.5 210.
5.0 148. 5.5 120.
6.0 08, 6.5 83.

Also overlapping the radiation belts is the terrvestrial plasmasphere consisting

of thermal ions and electrons and contained within an I.-shell range roughly below
about L= 4 to 6 by the effect of the corotational electric field of the earth, Figure 5. 11

shows the electric equipotential lines in the equatorial plane formed bv the combina-

T tion of the corotational electric field and the solar-wind-induced dawn-dusk

.

'.:;' "convection' electric field. The separatrix between closed (around the earth) and
-:':' open equipotential lines is related to the static plasmapause, although in a dvnamiec,
.~' N

it time-variable situation no simple relation between the two exists. Empirically,

' there is a much higher densitv of "cold” (1000 - 10000 K) plasmaspheric particles
N below the plasmapause than beyond it. Based on data deduced from ducted \ L.}
i ;

-..":- wave propagation experiments, Cornwallz1 estimated the following average plasma-
~ . . .
A spheric particle densities:
&5 .
K
. L -3
[e] = 250 — cm for L. < L‘o
e}
K
[e] = 13 -—L cm-s for L.> L. (5.63)
3¢ o .
o
where LO = 4.1and K =4, 64,

e It is well known that the plasmasphere deviates frequently and stronglv from
.‘_ this functional form. It is nevertheless thought that this formula represents
o
R average long-term cold plasma densities appropri.te for long-term steadv state

T

radiation belts studies. Further improvements, including storm and substorm

o variability will be needed when time -dependent radiation belt models are developed.
X
. .!
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o
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5.4.2 Coulomb Collisions -
Coulomb collisions are inelastic interactions between charged particles. A .j
radiation belt particle "colliding"” with an exospheric neutral hyvdrogen atom, for ~:
example, will interact with the internal atomic electric field whenever the impact :-
parameter is less than the atomic radius, or with the electric field of a thermal
{(plasma) proton or electron out to the particle's Debve shielding distance. The :.:
encounter will result in energv transfer from the energetic (incident) particle, and '.
in deflection (angular scattering) of both particles. Changes in ionization states of
either or both particles can also occur. On the average, angular scattering is
tmportant for radiation belt electrons, but usually not so important for the much N
heavier radiation belt ions. The collisional scattering process is qualitatively K
illustrated in Figure 5. 13. '11
-

.

aAla s

‘1h<llliill-|-'

Figure 5. 13, Deflection of a Positive and Negative
Particle in the Internal Atomic Electric Field of

the Target Atom. b’ and b™ are impact parameters
and ra is the atomic radius, If the impact
parameter is greater than ra. no interaction occurs.
For plasma particles rp is replaced by the Debye
shielding distance A b

Radiation belt particles are much more energetic than exospheric particles,
and energy is transferred from the energetic ion to the atomic bound electron(s)
or to free plasma electrons. The changes in the energy spectrum and directional
characteristics of particles traversing a material substance whose effective thick -
ness is greater than the collision mean free path is a difficult mathematical problem.
Great simplification is, however, obtained when the differential collision cross

sections are small enough to overwhelmingly favor very small energy losses and

3
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directionul chunges in euwch collision.  Fortunately, this is teae for Coulomb colli-
sions in which the clussicul Rutherford cross scction is valid,  sSce Rossi and
()lbet't:ﬂJ or ,Juckson2‘ for details.

One finds that the average energy loss rate for an encrgetic particle piassing

through a gas of atomic puarticles is given by

dC L2 . 3, . . i =
I = 4 4 Indr (m 75 F(B, z) (5.64)

where /‘i is the net charge state number of the incident particle, Z.t is the nuclear

charge number of the target gas atoms, m, is the electron mass, r‘e is the classical

electron radius, ¢ is the speed of light, 3= \'/¢, and F( 5’2'1) is a slowly varving

,-”. function determined quantum -mechanicallv by
i
:j-:: F(B,2) = -2.9+ In [ﬁzmgc.l/(lﬁj 2)3/2 12(zt>] for energetic electrons,
.':‘:. (5.63)
and
e 2 24 4 22 2
‘\‘.:" 1“(I3'Zt) = =287+ In [4mec 8 /(1-5 )71 (Zt)] for energetic ions, (5.66)
R . o o 26
- where I(Zt) = 13.5 Zt (ineV)is the approximate ionization potential for the gas atoms.
{ lLetf=1fu, J, &; t) denote the distribution function for equatorial radiation
o belt particles. The changes due to stochastic energy loss from the energetic par-
.-;‘. ticles can be described by
!... .
\
Y Bf> 9 3
b <5¥ Coulomb = 3T (<Ap/at>D 5T (<AJ/at>f) (5.67)
..-' and the stochastic time averages <Ap /At> and <AJ/At> are then simply given by
L~
L)
LY
ar A >< st )
- < = —
e Ap /At> <-5-——8 I (5.68)
.
v and
_".:- aJ de )
e <Ad/at> = . 5.69
/ (3_5 ) (Eit (5.69)
":-
e 26. Rossi, B., and Olbert, S. (1970} Introduction to the Physics of Space,
SO McGraw-Hill Book Co., New York.
.':‘_. 27. Jackson, J.D. (1975} Classical Llectrodynamics, 2nd edition, John Wiley
::q.' and Sons, Inc., New York.
\‘
.
& 42
b
it
-.‘ l‘
-“'.|

= )

Ay
*
24




Cornwall21 noted that it is possible to treat the slowly varying logarithmic
term in the expression for %tg as an approximate constant. Bv including contribu-
tions from energetic particle plasma electron collisions as well as from energetic
particle exospheric atom collisions, one derives the expression valid for equatori-

allv mirroring (o _ = n/2) particles:

af -1/2 fo¢ _
e N . 5.70)
( at )(Ioulomb ((‘(I Vu Em (5.7
The Coulomb collision loss factor is given by

- 4 G472 312 L2
. _ Vn e L.
(,C(L) (DO Y27 ¢ my L / (meBl‘l )] [H] /I

.71

w

-2
where n 1.67 « 10 4 g is the hvdrogen atom mass and e  (4.80286 : 0.00009)

)
H
10_10 esu is the unit charge, Z’i is the ionic charge state number for incident
21,2
21,28 For a fuller treatment of the collisional process the reader
24 . ) 26
15 referred to the treatise by Mott and Massev™ or Rossi and Olbert,

energetic inns,

5.4.3 Charge Exchange

Collisional econcounters mav also change the ionization state »f the colliding
narticles, This muav entail fonization of the "target’ atom and/or alteration of the
net ioniv charge of thee incident particle, The latter is important for radiation belt
ions since alir ost oatl of 'he phvsical processes depend divectlv on their charge
<tate,  The simiples: of the charge exchange reactions is the one that neutralizes

radliation bett protons (H
Hoo- =i o (5.72)

where underlining den vtes energetic particles, ‘The above reaction is an example

f the electron canture orocess in which the incident proton picks un (or captures)
the srbital electron trom the thermal hyirogen atomn, which then becomes a low
energy proton, Once neutralized, the incident proton (now fast neutral hvdrogen)

is no longer subject to the magnetic deflecting orce and escapes from the tranping
region.  Macrosceopicallv these events occur at random, and fast neutral atoms thus
exit *he radiation belts in all directions, Since the speed »f these particles greatly

28, Spreldvik, W.N. {1977) Equilibrium structure of equatorial mirroring radiation
belt protons, J. Geophvs. Res. 82:2801.

20, Notr, N, t°,, and dAassev, H.S. W, (1052) The Theorv Hf Atomic Collisions,
Clarendon Press, Oxtord, United Kingdom, -
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exceeds the earth's gravitational escape speed, manv disappear to outer space. '—j
Some of these fast neutral atoms move towards the earth where thev produce F
. - . -J

secondary interactions upon entering the atmosphere. .
In a similar manner, the wther singlv charged ions can be neutralized in such :-J
collisions: :
4

+ .4

He - H = He - H "4

== 3

C + H=>C - H (5.73) -

-4

i .

O H=O0 -H . 3

.

These newly generated thermal hvdrogen ions (protons) make a contribution to the =3
~

earth's plasma envelope; however, their rate of formation is probably less than the -
rate at which such ions are supplied from the topside jonosphere.  One mav note .
that the total charge is conserved in the radiation belts under the charge exchange i]
reactions. g
)

There is also another class of ion charwe exchange; this results from electron ‘e
stripping reactions by which the energetic jons (necessarilv heavier than hvdrogen) .
lose one or more of the remaining bound electrons.  For exmmple, there is a finite N

probabilitv that an ion (sav O ) in a collision with a thermat hvidrogen atom loses
several of its electrons:
. 5. - L
O - H-=0 - Ho de (5.74)
In this example four clectrons are stripped off., Whether the fast O ion actuallv
loses one or more of its electrons or captures one from the hvdrogen atom strongly
depends on the energy of the incident ion and the details of the collision, Since this
type of reaction preserves a non-zero ionic state, the ion remains trapped within
the radiation belts. For this reason one distinguishes between internal” charge

exchange reactions such as the stripping reactions:

o u-o0 w oo ]
o
3 7- - I >
(_) - H = 9 - Ho 49 (H.75) -
-4

)
etc, ~3

with their reverse reactions such as
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o +H -0 +H (5.76)

on one hand, and reactions that produce immediate particle loss (lowest charge
state to neutral) noted above on the other. Notice also that to become neutralized,
an 0°" ion requires a minimum of eight separate collisions with hydrogen atoms
(since only one electron mav be captured in each collision). This should be ¢on-
trasted with electron stripping reactions in which the multiple charge state changes
occur in a single collisional encounter. The principal features of the charge ex-

change chemistry are illustrated in Figure 5. 14,

Figure 5. 14. Flow Diagram for Energetic Oxvgen lon Charge Exchange. This
figure illustrates that while multiple charge state increases are possible in a
single encounter, only single step charge state reductions can sccur in a
hydrogen atom gas. Oxygen ions in lower charge states mav be further
ionized (through single or multiple electron stripping) in single collisional
encounters with the exospheric gas atoms. The ions mav lose net charge in
collisions by capturing the bound electron from a thermal hvdrogen atom.

To become neutralized, a [fully ionized oxvgen ion requires a minimum of
eight separate collisions

The probability that a given charge exchange process actually takes place in a
collisior. is expressed as a reaction cross section, Such cross sectinns derive
from laboratorv studies of collision processes; however, for manv ions the per-
tinent cross sections have not vet been measured over a sufficientlv large range of

particle energies. Figure 5. 15 shows the ¢ross sections for the charge exchange of
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protons incident on atomic hvdrogen from a compilation by Spjeldvik, Notice
. . . . > -15 2
that the charge exchange cross section is quite high (Uio 210 ! cm ) below about

20 keV, but talls olf sharply with higher energies.

e — A 1 :
\
T ke, secsage \\ \
N |0‘I5 \ N
\
£ Mpd. by 107 Y
O e ~ \
T \ 14\
\‘ Mpd by 10 &
c \
o ("l Proton Charge Exchange \ \
= Cross Section In \ Y
= >
S Atomic Hydrogen \ \\
® 10 - \‘ \
» 5 5
\ \
w lO"’ \\ \\
sawes Fite etol (1960) k k
a — Ciafhn (1970) \ \
Nt 120 -===  Brinkmann and Kramers (1930) ‘\ M
<eves Extrapolation \ K
A
ol A\ L
0.t 1 10 100 1000 10,000 100,000

Particle Energy (keV)

Figure 5.15. Proton Charge Exchange Cross Section as Function
of Proton Energy. It is worth noting that this cross section is

high (Up 2 10-15 (:m2) below a few tens of keV, causing short
proton lifetimes at those energies, and it falls off rapidly
towards higher energies. The values between 0.4 and 1 keV are
from the experimental work of Fite et al39, the data from 1 keV
are due to a compilation by Claflin3! and above 1000 keV\ the

theoretical results from Brinkmann and Kramers®

For ions heavier than protons, multiple potential charge states are available,

For helium ions, one must consider not only the cross section for the neutralization
reaction but charge state changes: state 1 ™ state 2 and state 2 - state 1 as well,
Thus, for helium there are three important cross sections to be included. A point
worth noting is that the process transforming He to Hez* outweighs the charge

state reducing reactions in the high energy part of the radiation belts, essentially

30, VFite, W. L., Stebbings, R. F., Hummer, D.G., and Brackmann, R.T,
(1960) lonization and charge transfer in proton-hydrogen atom collisions,
Phys. Rev. [119:663.
31. Claflin, E.S. (1970) Charge Exchange Cross Sections for Hydrogen and Helium
Ions Incident on Atomic Hvdrogen: 1 to T000 keV, Rep Tr-0059 (6260-207-1, .
Aerospace Corp., FEl Segundo, California.

32. Brinkmann, H.C., and Kramers, H.A. (1930) Zur theorie der einfangung von
elektronen durch o -teilchen, Proc. Akad Wetensch. Amsterdam Afd. Natuurk,
33:973.
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above 800 e\ . This ix explicitlv denicted in Figure 16, which shows the three
charge exvhange cross sections for radiation belt heltiwre jons,

8 e e S e g
1 \ \\ |
< R ‘
C in "‘ He" - e '
E | ‘
=z 1081 {
i
o T e {
o :C”l """"""
S Tonized Helium
o 0% Charge Exchonge
P Cross Sections
o 08
” |~ tionn ngrg)
----- 8rinkmaen gng
S ) DI r.‘wqx»
O g Extrapoiol or !
R - )
100 10¢0 1000¢ 160000

Particle Energy (keV)

Figure 5. 16. Helium lon Charge Exchange Cross Section as
Function of Energy. Solid lines show the values compiled bv
Clatlin3! from many experiments, and the dotted lines are
extrapolations. The dashed lines are computg_()j from the
theoretical work of Brinkmann and Kramers, 2% The three
pertinent charge exchange cross sections are;

te ~ He (ion neutralization), Hez'——»ﬂe‘ and He“' v He'.
The extrapolated curve above 1000 keV\ (for He+-:'>He2+) is
progressivelv unreliable towards higher energies33

Charge exchange cross sections for the heavier ions such as carbon and

axveen have been measured over a small fraction of the radiation belt energy range,
The situation is particularlv severe for carbon ions where almost no measurements
have been made, For oxvgen ions there exist a number of measurements, but
unfortunatelv the laboratory work used particles other than atomic hydrogen as
targets,  Figure 5. 17 shows estimated jon charge loss {electron capture) cross
sections based on a compilation of a number of measurements using H, air and O as

33, sSprebidvik, W.N., and Fritz, T, A, (1978) {inergetic ionized helium in the quiet
time radiation belts: Theorv and comparison with observation, J. Geophys.,

Res,  83:654,

47



target particles.34 Estimates of the charge gain (electron loss) cross sections
have been made from limited data available. Examples are illustrated in
Figure 5.18. For the remaining reactions between the multiple charge states
no laboratory measurements have been reported, and one must use crude

. 34
estimates,

ﬂ*‘ ~T TTVII[T]’ LA L B A A R AL T
v

s
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S
£

Electron Copture/Charge Loss
Cross Section of O™ in H

—— Estinates

Data

I Stebbings et ol (1I960) far O* = H

0 Solov'ev et ol {1972) for 0% in Ax

4: Lo et 0l (971) for O* in O

Cross Section {(cm?2)
= =
3 I3

S
K) o MocDonald and Martin (1971} for o¥,
" 0%,0%,0%,0" ond OF m He
0 FENEIT SR o o ¥ -
3

nd 10} 102 104
Energy (keV)

I'igure 5. 17. Charge LExchange ('ross Sections for (Atomic)
Oxygen Jons in an Atomic Hydrogen Gas (Charge l.oss/Electron

Capture Cross Sections 0 — ()(1_1)+ Estimated From

Sparse Available Data) StebbingSS_et al. 35 give data with
H-targets up to 8 keV, Lo et al 6 give data with O targets,
and MacDonald and Martin37 give data with lle targets. Also
shown are results with rarefied air targets38. The cross
sections for reactions with i>1 have not been measured
below ~10 Me\ 34

The mathematical description of the effects of the charge exchange processes
on radiation belt ion distribution functions is through loss and gain terms. I'or
radiation belt protons one has the expression

I
.

~1
-

<d_f_) = A f (:
gt Charge Exchange 10

(Due to tne large number of references cited above, thev will not be listed here,

See References, page 127,)
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Figure 5.18. Charge Exchange (ross Sections for (Atomic)
Oxyvgen lons in an Atomic Hydrogen Gas (Charge Gain/klectron

lL.oss (ross Sections ()+—>()(1+J)+ + je .) The data shown

are from Lo et al®* for O targets. The solid lines are crude
estimates made by Spjeldvik and I'ritz. More reliable
cross sections for oxyvgen ions and other heavy ions need to
be established

since the loss rate is proportional to the number of protons present (or more pre-

cisely, the distribution function f), and also proportional to the factor

A
1)

for transformation state i » state j.
one charge state applies, one considers a distribution function for each charge state.
For helium ions, let f1 and f

spectively.

(
(

af1
3t

31"2
T

> Charge Exchange

2
The charge exchange processes are then represented by

be the distribution functions for He® and Hez+ re-

=< vUiJ. [H]> where v is the ion speed and oij the charge exchange cross section

To describe the heavier ions where more than

= - A fo+ N fo - N f (5.78)

Charge lxchange

"

]
—
+
-
-
i

and this provides a coupling between the distribution functions.

exchange expressions of the form:

“»

N 1'.‘-‘ e
.:2‘.“.:.'.:_\‘.."-
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Charge Exchange 1=0 L i=1

and when the exosphere predomninantly consists of atomic hvdrogen (as in the cuse

of the earth) the first summation contains contributions from j= i - 1 only.

8.4.4 Wave-Particle Interactions

Plasma waves play an important role in radiation belt physics. Different con-
ditions for wave propagation, growth, and decay in the muagnetosphere huve led to
delineation into numerous wave modes. For a detailed classificution of these modes
see Stix39 or Kennel et al, 40 In a previous section, the radiation belt transport
equation was given; here we shall outline some of the concepts concerning the inter-
actions.

Angular scattering can result from interactions with electromagnetic waves.
As an example, consider gyvro (or cyclotron) resonance: A\ radiation belt particie
spiraling around a magnetic line of force (the guiding center locus field line) will
gyrate at a rate determined by the magnetic field strength, mass, and charge of the
particle. An electromagnetic wave (with electric and magnetic wave vectors) also
propagating along that field will rotate according to its wave frequency. \When both
the sense of rotation and the rotution frequency match for both wave and particle,
the particle will be subject to an essentially constant "wave' field for the duration
of the encounter. The particle can exchange energy with the wave through the elec-
trical interaction and/or deflection can occur through the magnetic interaction.
Higher order resonances can also take place, for example, if the rotation rates
differ by a factor of two. When the particle-wave interaction is primarily via the
magnetic wave vector (as in the case of the radiation belt electron - whistler mode
hiss wave interaction) the result is primarily angular scattering; this is *he pure
pitch angle scattering limit. Other resonances including bounce resonance and
drift resonance can also be important.

Plasma waves in the radiation belts may remain in the area where they were

generated (very small group velocity) or propagate afar (large group velocity), They

have frequency and wave length, and there are different polarization properties.
Propagation properties are determined by a dispersion 1~elation39 that in part
depends on the density of the plasmu in which the wave exists and on the geomagnetic
field. Stability or instability of the waves is frequently determined by the energetic

particles with which the waves can interact.

39. Stix, T.H. (1962) The Theorv of Plasma Waves, McGraw-I{ill Book (o., New York.

40. Kennel, C.F., l.anzerotti, [...J., and Parker, L. N., kds. (1979 Solar System
Plasma Physics, Vols. I-1II, North Holland Publishing Co., AmSterdam.
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Plasma waves are said to be unstable to growth if interactions with the charged .

particles transfer energy to the waves; if the transfer is from the waves to the par- .;‘

ticles the waves ure said to be damiped. If plasma waves interact with radiation N

belt particles in such a way as to have their principal interactions locally, then it

is possible to self-consistently give a theoretical treatment of both wave and particle '

. properties. On the other hand, if the waves have significant spatial propagation so
that they, for examvle, gain energy from one particle population and propagate to =

interact further with another particle population elsewhere, then the latter process
is termed "purasitic’, Both types of processes are of major significance in the

radiation belts.
5.4.4.1 PITCH ANGIL.E SCATTERING INTO THE LOSS CONE

Interactions between cnergetic particles and plasma waves can significantly
affect the trapped particle population's energy and angular distribution. If the pitch
angle is altered so that the particle finds itself within the atmospheric bounce loss
cone, it will have a high probability of becoming lost upon entering the atmosphere.
For ions this probability is virtually 100 percent while for energetic electrons a
certuin fraction of the precipitated particles are backscattered up into the mag-
netosphere only to encounter the conjugate hemisphere during the succeeding bounce
motion.

The directional change in the angular scattering process due to plasma wave or
collisional interactions is random: to lowest order it is just as likely for a single
particle to be scattered from lower to higher pitch angles as in the opposite direc-
tion. However, when the particles are anisotropically distributed in pitch angle

(for example, with Fﬁ_ > 0), the number of particles scattered from the higher

particle density reglon towards the lower density region is greater than the number
scattered the other way. As a consequence, the stochastic process is biased by the
particle pitch angle distribution and a net ditfusion flux occurs. This pitch angle

diffusion flux is just

o . a1
l(]iﬂ‘ = - aoao sin 2(10 T(Go) Fa: (5. 81)

s0 that the diffusive transport term in Eq. (5.60) may be written as simply

af . OF gity (5.82)
. - »
T aigr S"‘Z" Ta ) ¥
Atmospheric particle losses within the bounce loss cone ac generally cause
[(010 = aOL(.) to be near zero (except under conditions of extremely strong scattering).
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This generally faovors o positive pitch angle anisotropy (loss cone distribution), and
particles can be lost to the atmosphere at any bo-shell due to the piteh angle scatter-
ing process. U course, ot d o may be negative under certain conditions, and
“hus net reverse u<ion can take nlace, Exarmples are an atrmospheric source cone
in the auroral sone 5 0 consequence of auroral electrice fieirds, effects of 1.-shell
splitting due to deviations fron, the dipolar azimuthal svmmetry of the magnetic
field, ! or particle anpections during disturbed times.

Analvisis of resonant wave-porticle interactions violating the first adiabatic
mvariant have goenersdlv considered waves with frequencies near the gyrofrequency
of the cnergetic prarticles, T'he condition for resonuance between waves of angular
frequency w oand pacticles ot the gyvrofrequency Q is given by
41

@ -k v -8 forn=0, +1, 22, 23, ... [I,yons'

0 ] (5. 83)

where k) and vy ure the parallel (to ) wave vector and particle velocity respective-
>

ly. lor a given wave mode there is a dispersion relation linking.w and k. The

cvelotron harmonic resonances have the (Doppler shifted) wave frequency equal to

a harmonic (n=21, n=22, n=1%3, ...) of the particle gyrofrequency, and the

classical Landau resonance (n = 0) has the wave parallel phase velocity vy = w/k" .

The Landau resonance results in diffusion solely in v conserving v, - Thus

0’
the pitch nngle change A¢ at a given location along the particle trajectory is related

to the parallel velocity change Ay, by

)
sin”
Aa = -2 X 4y,
v 1

-

(5. 84)

The cvclotron harmonic resonance can likewise produce pitch angle changes
resulting from the energyv exchange, or the interaction can be primarily with the
magnetic wave vector causing pitch angle scattering more directly with little energy
exchange. The latter process is particularly important for electrons.

In general, the study of wave-particle interactions requires an extensive
mathematical treatment, and the necessary derivations and analysis are beyond the

scope of this report. The interested reader is referred to a number of works on

41, Lyons, L.R., (1979) Plasma processes in the earth's radiation belts,
Solar System Plasma Physics, Eds. C.F. Kennel, 1..J. Lanzerotti, and
E.N. Parker, North Holland Publishing Co.

52

e T S AU I S SRo e et e oo gl S AL A ST o T I ’*v. TYITRTETROS S s e, e ._-‘T
R I ACACRE R R A AR NN Sl - L. . R . B

P




e AR I A e P Ly e Pl s e S o S oA AL P S A il i i e A et et it i (g R R S A A AR S C AR A

v . .

39 . 3. . 4
the subject [Stix, 3 sSagdeev and Galeev,q"2 Ler'che.4‘3 Kennel and Engelman, 4

292 9:
22:23 .nd Retterer et al 24].

Lyons et al
5,4,4.2 SCATTERING OF ENERGETIC ELECTRONS

Pitch angle scuttering is particularly important for radiation belt electrons.
22,23

:
d
1
\
h ]
~
i

Here, we bypass the extensive mathematical treatment found in Lyons et al.
The different resonances are illustrated in Figure 5. 19, which depicts the regions
of cyclotron resonance in velocity space resulting from waves distributed over a
band of parallel wave vectors Aky. HResonance at each cyclotron harmonic occurs
over a band of parallel velocities Avy s for simplicity, relativistic effects for
electrons > 500 ke\ are not included. No cyclotron harmonic interaction occurs for
V< Vi min’ and the value of Il min depends on the actual ky; band over which the
wave energy is distributed. This is locally true where the geomagnetic field may
be considered uniform on the scale of the gvroradius.

The earth's magnetic field is, however, quite inhomogeneous when considered
in its totality, and the wave energyv is, in general, unevenly distributed over the
space of the radiation belts. During the particle bounce motion, us the particle
moves away [rom the geomagnetic equator along its trajectory, the increasing mag-
netic field strength causes both particle pitch angle ard parallel velocity to change.
The increase in the local pitch angle as a particle moves away from the equatorial
plane {see Eq. (5, 10)] implies that cyclotron resonance can occur for all equatorial
parallel particle energies greater than a minimum value Ellmin .

Figure 5. 20 illustrates radiation belt electron and LI} whistler mode wave
propagation. The significant wave-particle interactions for energetic electrons
are shown. Note that the wave propagation does not necessarily follow magnetic
field lines and, therefore, the particles may interact with waves generated over a
significant volume of the magnetosphere. I'or comparison, the inner and outer
radiation zones (for electrons) are indicated.

Satellite measurements have shown that a band of whistler mode waves centered

»

:—]. around a few hundred Hertz exists essentially continually within the plasmasphere.
b4 Because of the persistence and audio frequency range, this type of wave is called
E hiss. Ray tracing studies have shown that the plasmaspheric hiss can readily

-

P 42. Sagdeev, R.Z., and Galeev, A.A. (1969) Nonlinear Plasma Theory,

AR W.A. Benjamin, New York.

: 43, l.erche, I. (1968) Quasilinear theory of resonant diffusion in a magneto-active

relativistic plasma, Phys. of Fluids 11:720,

44, Kennel, C.F., and Engelmann, . (1966) Velocity space diffusion from weak
plasma turbulence in a magnetic field, Phys. of Iluids, 9:2377.
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Figure 5. 19, Radiation lielt lectron - Fl.1Y Whistler NMode Wave
Interactions: Regions of ('velotron Resonance in Momentum Space,
Upper panel shows the effects of pure pitch angle diffusion tcon-
serving electron energyv) for the resonance with plusmaspheric

EL.} whistler mode turbulence. l.ower panels show the cffect

upon progressively more energetic electrons, and that for the
most energetic electrons the high order resonances become in-
creasingly important as the electrons diffuse in pitch angle towards
the atmospheric bounce loss cone, The resulting pitch angle

diffusion coefficient thus becomes a strong function of pitch ;mgle23

propagate across the geomugnetictielidl invs4 Y andthus fill o great volume of the
inner magnetosphere with wave energy. These waves are believed to be generated
in the outer regions of the plasmasphere, and within the plusmasphere the LI1.I7 hiss
turbulence is the dominant wave component that interacts with radiation belt
electrons. Waves that may influence trapped particles can also be generated by

earth-based radio sources.

45. l.vons, L. R., and Thorne, R.J\. (1970) The magnetospheric reflection of
whistlers, P’lanet. Space Sci. &:1753.
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500Hz WHISTLER-MODE

ELECTRON
TRAJECTORIES

WAVE PROPAGATION

WHISTLER ORIVEN ELECTRON DIFFUSION

Figure 5.20. Spatial Locations of Radiation Belt Electron Wave-
Particle Interactions. Characteristic locations for the inner and
outer electron radiation zones are shaded, and the magnetic field
line approximating the average plasmapause location is also indi-
cated. Left side: 0.5 kllz whistler mode ray paths in the radiation
belts showing internal reflection and cross-1. propugation charac-
teristics {from Lyons and Thorne*?]. Right side: Typical ¢ner-
getic radiation belt electron trajectories indicating the spiral
motion between the magnetic mirror points. The spatial regions
where the Landau ‘Az%d different cyvclotron resonances are most
effective are noted

Based on typical observed wave characteristics, l.vons et ;1121 calculated the
pitch angle diffusion coefficient for both cvclotron und l.undau resonances shown in
Figure 5.21. They also computed lifetimes for energetic electrons subject to this
wave=-particle interaction process. An example of these lifetimes for averaged
modeled wave parameters and a normalized wave amplitude of 35 my is shown in
Figure 5.22, These lifetimes take on great significance in the modeling of the
radiation belt electron structure and will be discussed in more detail in the model-

ing section.
5.4.4.3 LIMIT ON RADIATION BELT PARTICLE FLUNES

Plasma waves generated by radiation belt particles locally will have their growth
rates in part controlled by the intensity of the trapped ecnergetic flux of those puar-
ticles in resonance with the waves. While radiation belt electrons within the
plasmasphere are controlled by the parasitic tvpe of interaction mechanisms, it
has been found that the radiation belt particle fluxes bevond the plasmasphere can

be effectivelv limited by the self-generating wave mechanism. In the following o




IFigure 5.21. Bounce Averuged Electron
Pitch Angle Diffusion Coefficient 1)(]000

Calculated for All Cyclotron Huarmonic
Resonances and the l.andau Resonance.
Note that at each energy there is a
region of very low pitch angle diffusion
coefficient (for 20 ke\’ electrons, near
87°); this "bottleneck’ in the pitch
angle diffusion coefficient is the cause
of the "bumps" in the actual electron
pitch angle distributions giving rise

to the so-called bell-shaped

,! distributions

lt decade~
T

LANDAU

L=4 BOUNCE AVERAGED

PITCH ANGLE DIFFUSION COEFFICIENT (arbitrary urits)

0o 30° 60 [0°
EQUATORIAL PITCH-ANGLE

Figure 5. 22, Radiation Belt Electron
Precipitation Lifetimes Due to Electron
Pitch Angle Scattering Into the Atmos-
pheric Bounce L.oss Cone. These life-
times are given for an average whistler
wave amplitude of 35 my. Notice that
there is generally a minimum in these
lifetimes at each energy, and that this
minimum is displaced towards lower
L.-shells with higher electron energy.
At 2000 keV this minimum occurs at
[.= 2.7 while at 500 keV it is sub-
stantially broader and occurs at

L= 4,2. This minimum electron
lifetime is an important determinant

of the electron ''slot" location,

defining the separation between the

two radiation belts

ELECTRON LIFETIME (doys)

10° I

few principal aspects of the radiation belt saturation process are outlined; for a

46

more detailed mathematical treatment the reader is referred to Kennel and Petschek

or Schulz. 47

46. Kennel, C.F., and Petschek, H.E. (1966) Limit on stably trapped particle
fluxes, J. Geophys. Res. Sl

47. Schulz, M. (1975) Particle saturation of the outer zone, a non-linear model,
Astrophys. Space Phys. &?_:233.
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It has been demonstrated that there is a limiting value I' that the radiation belt
integral omni-directional flux I cannot exceed without provoking a cvclotron wave
instabilitv. Schulz and Lanzerotti3 estimated the equatorial flux limit to be about
- 10!! L"l particles/ cm3 sec integrated over all energies and pitch angles., The
linear wave growth rate is denoted y _ which is proportional to the ratio I/I' and
therefore, the growth rate for wave egner'gv is 23 g An incipient wave undergoes
a partial reflection (reflection coefficient R £ 1) upon traveling a distance
d ~ L R,; the remaining traction, 1-R, of the wave is lost from the radiation belts,

The time interval between wave reflection is T - [. R,. ’\Vg where \'u dw'dk s

r.
the group wave veloacity., The condition for marvginal stabilitv is that the waves oan
the average do not grow further in time; that is, the decrease in the wave amplitude

upon reflection is restored in one traversal between bounces.

Resp[2) LR /v] =1, (5.85)
P g e Q]

This defines the marginal growth rate to be

3= (v /2LR) InR.. (5. 86)

g I t

5

If I exceeds 1' (that is, if )'g exceeds 3' ) the consequence is a net growth of wave
energv, and the stronger waves scatter the particles in pitch angle resulting in
precipitation into the atmosphere and reduction in the particle flux until I no longer
exceeds I'. If an external particle injection source is strong enough to more than
offset this maximum loss rate then the radiation belt particle fluxes will increase
bevond the stably trapped flux limit I; this may indeed happen for impulsive sources
associated with disturbed conditions. The aftermath of such an injection will, how-
ever, be a rapid reduction to the stabiy trapped flux intensity level. On the other
hand, if I is below [', particle losses due to the waves will diminish due to the
lower wave intensity,

Figure 5,23 shows a comparison of the theoretical radiation belt flux limit with
data.J'G Notice that most of the time the outer radiation zone particle fluxes are

just below the theoretical characteristic flux limit,
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5.4.4.4 STRONG DIFFUSION LIMIT

There is, however, another important limit to consider, namely the upper
limit on the rate at which radiation belt particles can become lost to the atmosphere
by scattering into the bounce loss cone. Consider the effect of very rapid pitch
angle scattering, The particle pitch angle distribution will then become essentially
isotropic; that is, the flux per differential solid angle interval will be the same at
all pitch angles, even within the loss cone. Within the loss cone (O/o < o LC) the
particles will be lost from the radiation belts on a time scale 7b' and [or the strong
dif{.usion limit to be reached, the scattering mechanism must be faster than this.
The solid angle of the loss cone is just e 27 (1-cos aoLC) and the maximum

particle flux loss rate 0 is then

§ -2 _LC (5.87)
b
The only exception to this concept occurs when the loss cone becomes an atmos-
pheric source cone due to the auroral electric field parallel to the magnetic field
and a source cone distribution exiting one hemisphere can become lost through

direct precipitation into the conjugate hemisphere.

5.5 THEORETICAL RADIATION BELT MODELS

Two types of radiation belt models now exist: empirical models based on com-
piled observations and theoretical models derived from our knowledge of radiation
belt physics. The ideal empirical models represent the standards with which the
theoretical models must be compared, and they are also useful for engineering pur-
poses. However, they give only a smoothed statistical picture of the time period
when the data were obtained, and the data collection process is subject to experi-
mental errors and misinterpretations. Theoretical models, on the other hand, can
be used to simulate and predict radiation belt behavior under a varietv of conditions:
quiet times, disturbed times, or magnetic storms. They can be used to study ionic
species and charge state distributions for which no experimental information is
available. Such models are only as valid as the physical approximation thev are

based on, however. In the following sections simple theoretical models are outlined.
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6.5.1 Quiet Time, Steady State Models

The study of quiet geomagnetic conditions using theoretical radiution belt models
serves as an important test of our current understanding of the trapped radiation
environment. It is assumed that under quiet time conditions the radiation belts can
be described in terms of an equilibrium balance between sources, internal trans-

port, and losses. Symbolically one writes

af _[of . Bf) +/af> . e
3t \@t/source ' \J i /transport Krt loss : v

The sources are considered to be located on the boundary of the trapping region
(and thus describable via a boundary condition on the trapped flux for each species)
as well as in the interior of the trapping region (such as the CRAND-source). The
transport mechanisms are radial diffusion and pitch angle diffusion. Particle losses
are caused by charge exchange ion neutralization, energy degradation, and pitch
angle diffusion into the bounce loss cone. Particles diffusing outward may encounter

the magnetopause and become lost from the magnetosphere. Radiation belt theoreti-

5.5.1.1 FORMULATION OF BOUNDARY CONDITIONS

cal models constitute the combination of these processes. ‘
For steady state conditions one needs in general boundary conditions on the |
particle distribution function f: ‘
(1) AtL=1L
max
and angular distributions, which defines f at the outer boundary.
(2) AtL=1_ .
min
particle distribution function vanishes (f = 0).
(3) At o, w2: Bf/'dao = 0.
(4) At a, Oorm: ‘df/aao = 0.
(5) Atp=p___f{orE=E ): f=0 where E 2100 MeV'.
max max max
(6) By symmetry f(ao) = f(rm - ao) so that one needs to consider only the

(outer boundary) one specifies the particles energy spectra

= 1 (inner boundary formed by the surface of the earth) the

n

range 0 < a < /2.

The complete radiation belt modeling can be simplified in a way that retains

much of the essential physics but greatly simplifies the mathematics, namely,

separating radial diffusion from pitch angle diffusion. One treats radial diffusion ;
for a, = n/2 particles only, and with given f(ozo = 7/2) the pitch angle diffusion pro- ‘
cess at fixed L.~shells only. This approach is not strictly correct when there is . ;
significant interaction between the pitch angle and radial diffusion modes, but it ‘
reduces an almost unmanageable numerical problem to cases where solutions can
be found. The results should therefore be treated with some cuaution, especially in

regions where the time scales of the two processes are similar.
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D.5. 1.2 ELECTRON MODEL

CONG ” Gl
.

3 Ruadiation belt electrons e described by the diffusion cquation .
\'.: of 20 2 of 1 o ]
. ot~ o ;“Ll ! aT. sin 2o Ila ) oa Py o sinza T(a yef -
"7 8} 8] (&} [¢ IR ¢ 0 J (l’o -
-1/2 af B
A\ “+ ; . —— |— t) -
::' ((_(l)u i (5.89) ‘
o~ ¥
:‘.4 where (;(.“‘) is the Coulomb loss fuctor for electrons.,
. [.vons and '[‘hux'nch sepurated radial and pitch angle diffusion by substituting for
\ Eqg. (5.89) the *wo equutions E
= of 20 -2 of £t i 1
?.‘ W— I. l")T %UI[I «"_I_}- T_ T - (3.90) .
0 W ce .
) and ‘
" or ! ¢ D sin2a Ta) S (5.91) .
~ T sin 2a _Ta ) oa a o "o o Ja ) : J
N (0] O (0] O 0 o
, They solved tq. (5. 91) under an assumed angular distribution preserving exponential
$ decay conditions and obtained the lowest normal mode pitch angle distribution and
_-t: electron precipitation lifetimes 7 W' Their results are shown in Figures 5. 24 and
o ) .
N 5. 25 respectively. The precipitation lifetimes were culculated assuming a mean
. . . -5 . . \
‘: ELF whistler mode wave amplitude of 8 = 35 nT (I nt=14 =10 " G), For other -
e -2 :
N wave amplitudes these lifetime scale as (Bw/Bwo) . re
4 Using these characteristic electron scattering precipitation lifetimes it is :
.l . . . ~
0 possible to solve the equation for steady state radial diffusion [Eq. (5. 90)] for ~
?\' equatorially mirroring radiation belt electrons. The results arc shown in I
L] -
2 Figure 5. 25. -
M igure H.25 ,.
L

A sin.plification in this work was a Priori approximation of the Coulomb collision
"loss time'' defined as T e © €€ /dt)” " where d€ /dt is given by Eq. (5.64); this

.
A is a rather crude approximation for the last term in kiq. (5.90), since T ce really

£ -

727

LY,

’
-—e v . s e
nGUSs AN P)

depends on the distribution function itself as given by Eq. (5.66). Much of the
essential radiation belt electron physics is retained, however, except when 7T ce is
the smallest time scale. Notice how well the electron slot region that separates the

radiation zone into two belts is reproduced compared with actual data from the

, N
o by
)

S 48. IL.vons, .. R., and Thorne, R.M. (1973) Equilibrium structure of radiation .:
P belt electrons, J. Geophys., Res. 78:2142, X
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Figure 5.24. Predicted Radiation Belt Electron
Pitch Angle Distributions. 48 The example shown
was calculated using a Gaussian ELF whistler
mode hiss turbulence frequency distribution
peaked at 600 Hz and with a bandwidth of 300 Hz

OGO-5 spacecraft, both in width and L-shell location for different energies. Per-
fect agreement in all details should not be expected, since the theory treats aver-
age conditions based on parametrized wave characteristics, while the data are for
a specific time when the space observations were made.

From such calculations we have learned that for energetic electrons, wave-

particle interactions are the cause of the division into two distinct belts, since

electrons in the "'slot'" region are lost due to pitch angle scattering into the atmos-
sphere at a fast rate. Those few electrons that survive the cross-L transport to
arrive in the inner radiation zone became very stable since the time scale for wave-

particle scattering is very long there.
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\‘_:\ Figure 5.25. Theoretical and Observed
:_.:: Radiation Belt Electron Radial Flux Dis-
NEN tributions at the Geomagnetic kkquator. The
A theoretical results (dashed curves) are cal-
S culated from radial diffusion of energetic
- electrons subject to pitch angle scattering
A due to the (resonant) EL} whistler mode
NI turbulence (hiss) within the plasmasphere.
o The data (solid lines) are taken from the
AN OGO-5 spacecraft. Notice how well the
A theory simulates the location and width of
B : the observed radiation belt separation (slot)
’ region over a wide range of electron energies,
leaving essentially only the finer details of
. the equilibrium distribution for future
A investigation
P
2
.:p 5.5.1.3 PROTON MODEL
. -k_ Empirically, radiation belt protons are not distributed into two radiation zones.
< At constant proton energy there is generally a single peak in the proton flux radial
":53 distribution and no specific wave mode has yet been identified that interacts in a
:.; dominant way with 2 100 kel protons below the average plasmapause location. On
N the other hand, protons (like all ions) are subject to the charge exchange process.
-~ -
ol Therefore, if we neglect the pitch angle scattering process, we can write the
- g p g g
\:.:: radial diffusion equation for equatorially mirroring (no = 7/2) protons
\in
Y
KN
~
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where .\10 =< 010 [H] v > is the charge exchange loss frequency per unit distribu- Y
& tion function f. To simulate the steady state radiation belts (that is, -g—t = 0) this j
." ’
AN equation can likewise be solved when suitable boundary conditions are imposed. ‘:
N ces . . )
" The boundary conditions are established by using a,measured outer zone proton )
-:: flux spectrum, and by covering an energy range sufficiently large that f(L, ) > 0 :
> Fati Ay e ¥
at u 2 B onax where M hax corresponds to the upper range of the radiation belt trap i
o ping energies. Figure 5.26 shows the computed radiation belt proton spectra ob- "
|
N tained with this method, and data are shown for compariszon (takenfrom Explorer 45 .
2 below L = 5.3). Notice that the spectral maximum found at L. < 5 generally is ;:
:‘_'- displaced towards higher energies with lower IL.-shells. The flux values computed Rk
below a few tens of keV are below radiation belt energies (convective processes J
\- also operate in that range) and should not be considered reliable. The comparison
;.j with data is quite good, however, giving support to the usefulness of the radial
o diffusion theory at least above 100 keV.
)
" rvrrmy—rrrreyTT e manis e R A '
v o - 1 Figure 5.26. Radiation Belt Proton
~‘v:. 10° 1 Energy Spectra Obtained From a
\ON o x] Theoretical Calculation Based on
W o* 1 Proton Radial Diffusion Subject
.q: © L35 1 to Coulomb Collisions and Charge
0 o . 1 Exchange l.osses. No wave-
{ ; TrTT—T T particle interactions were con-
e -'! 10° j sidered. Boundary conditions were
.*:. w imposed at 1.-6, 6 with data from
Sy 'y 0’ the ATS-6 spacecraft, and the
":\. o 107 computed spectra at lower L.-shells
= § ot Lea 1T Leas -5 are compared with available
~ o s = - * i o -, Sy >} 5
"\ x °© T WY Wan | sl srued 4o FETOT ERRTTT ERUYTTT | 'equatorml data from thl(.-'rer 15.
E e ey - e = The results of the theoretical
e s - ﬂ calculations below a few tens of
e, 4 2 - 1r keV energies may be inaccurate
:‘. = [ 1t 1 since convection processes may
o § ’ ; : ] dominate pvgé‘gdifftlsi()n at these
. W [ Le6s I ] low energies
: & stend s cd vl Vil iowd o PRI
'- | 0 00 10001 L] 100 000 [} 00 1000
T ENERGY ( keV)
R et
“ A complementarv view of the theoretical radiation belt proton fluxes is given
,-:‘.. in Figure 5,27, which depicts the computed radial distributions for different

.

proton energies, Qualitativelv similar to the observations, the radial flux maxima

%

-
‘e

are displaced towards lower L -shells with higher proton energyv. On L. -shells
well bevond the flux radial peak location, the characteristic time scales of diffusive

transport are substantiallv shorter than those of the loss processes.  This
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E: 10 Mev £ 100 Mev

Flux (Ponicles/cmzsec ster KeV)

Radial Distance (Earth Radi)

Figure 5.27. Theoretical Proton Radial
Distributions Calculated From Proton

Radial Diffusion Subject to Cou'omb Colli-
sion Energy l.osses and (harge Exchange
L.oss. Notice there is no division (or slot)
within the trapping region. The curves

now show that the radial flux maximum is
displaced towards lower L-shells with higher
proton energy. For details of the numerical
calculations see Spjeldvik

situation is called diffusive equilibrium. There is also an important connec-
tion between the radial location of the proton flux maximum at a given

energy and the magnitude of the radial diffusion coefficient. As DLLincreases.
the diffusive equilibrium radial range extends towards lower L -shells, and the
radial peak location is found at lower L. Also, the absolute magnitude of the flux

radial peak increases as D increases. An enhanced D causes a substantial

increase in the trapped flu.xLég on L-shells below the peaka{Jux location. Proton
models that treat other than equatorially mirroring pitch angles in_a comprehensive
manner have not yet been developed. The reason is partially that Dozoao is not
known for protons, and partially that solving the simultaneous proton radial and
pitch angle diffusion problem subject to the simultaneous p-variations is mathe-

matically difficult owing to the great inhomogeneity in the coefficients.
5.5.1.4 HEAVY ION MODELS

Besides electrons and protons, the Earth's radiation belts contain appreciable
ion fluxes of energetic helium, carbon, oxygen, and other ions. Theoretical model-
ing of these ion populations can be carried out by a generalization of the proton

model. One must consider a distribution function for each charge state of a given
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radiation belt species, as well as the coupling between charge states imposced by
the charge exchange chemistry. For helium ions one may write the coupled equa-

tions for equatorially mirroring ions:

of af of
A -2 o4 : -1/2 ( 1>
( Iy ) - l‘(al,) {I)I.I.ll‘ (dL)} + G L

-V fo+ A - A (5.93)

of . . 9f . df
2\ . 2o -2y ‘ -1/3( 2>
( 5T ) =L (m‘) {Uu.z L (T)} v Gy T

- A fo4+ A f (5. 94)

where the subscripts indicate the ion charge state.

21, 34 and some of the find-

These equations have also been solved numerically,
ings are illustrated in Figure 5. 28. Notice that there is a transition from charge
state 1 (He™) to the state 2 ([{ez+) at energies around 1 MeV, so that the lower
charge state of helium ions is most abundant at the lower energies and the higher
charge state at the higher energies. The spectral features computed for helium
ions below ~1 MeV stem from the energy dependence of the radial diffusion coeffi-
cient DLL and the loss rates.

For even heavier ions a multitude of charge states are available to the radiation
belt heavy ions: for carbon ions there are six positive charge states, and for oxy-
gen ions there are eight. In general, for a given ion charge state, i, of an elemental
species with s available states, the radial diffusion equation for equatorially

mirroring ions may be written

of. , af, . of.
i _ 2f o -2 1) . -1/2 i
(W) = L (ﬁ)%DLLi L (ﬁ, % + Gyiu (w)

s

S
- A - J;o At Jz_:l Ayt (5. 95)

where z\i. denotes charge state transformation from state i to state j, so that

A= 0fori= | [Spjeldvik? ).

49, Spjeldvik, W.N, (1979) Expected charge states of energetic ions in the
magnetosphere, Space Sci. Rev. 23:499.
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Figure 5.28. Theoretical Helium lon Radial Distributions Calculated
From Radial Diffusion Theory With Coulomb Collisions and Charge
Exchange. Solid curves show equatorlally mlrr'or'mg fluxes of He"
while the dashed curves depict He*, Notice that He™ is dominant
below ~ 1 MeV while He** is dominant at higher energies

The radial diffusion equation has been solved for equatorially mirroring radia-
tion belt oxygen ions by Spjeldvik and Fritz, 33 and one of the findings is that oxygen
ions can be more numerous than protons at multi MeV energies. The oxygen ion
charge state distribution is predicted to vary from a dominance of O+ ions at
energies below ~ 100 keV to successively higher charge states at the higher energies;
for example at 4 MeV the fourth charge state should be most abundant. A significant
finding, illustrated in Figure 5. 29, is that the radiation belt charge state distribution
in the interior of the radiation belts (L. < 5) is almost completely independent of the
charge state distribution of the outer radiation zone source. In fact, this figure
shows that regardless of the source being ionospheric (source charge state 1) or
solar (source charge state 6 dominant), a steady state radiation belt distribution over

N ion charge states that is independent of the source characterists evolves in the

interior of the trapping region.
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Figure 5.29. Relative Charge State Distribution for
Radiation Belt Oxygen lons. Left panel: an ionos-
pheric source of O’ is assumed; Right panel: a solar
(wind) source of 6+ is assumed. One finds the
steady state radiation belt charge state distribution

in the interior of the trapping region becomes largely
independent of the source charge state characteristics

The findings concerning charge states of energetic radiation belt ions may be

summarized as follows:

(1) Higher charge states are crucially important for the overall structure of
the heavy ion component of the Earth's radiation belts above ~ 100 keV,

(2) Charge state redistribution processes are of major importance throughout
much of the radiation belts and at all energies,

(3) Radiation belt charge state distributions become largelv independent of
source charge state characteristics because of the frequent "internal’ charge
exchange.

(4) Relative charge state distributions are to a large extent independent of the

diffusive transport rate in much of the inner magnetosphere,

The last two conclusions are valid below a charge state redistribution zone adioining

the particle injection boundary region in the outer radiation zone.

5.5.1.5 THEORETICAL RADIATION BELT IONIC COMPOSITION

Because of experimental difficulties, onlv verv limited information is available

concerning the actual composition »f radiation belt ion fluxes, For this reason, we
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present a theoretical prediction ot radiation belt protons, helium, and oxvgen ion _J
fluxes at L. = 3,25 (in the center of the radiation belts). ‘This is shown in 4
Figure 5.30. It must be kept in mind that these predictions have vet tno be verified .
or refuted by experimental obhservation, particularlv in the 100-1000 ke\ range.

. L . . 21 . e
Certain local spectral minima are predictes based on Cornwall's radial diffusion

coefficients, but with other theoretical coefficients the spectra mav be different,

3

ra B v o,
’APRERIRCEITADAE 4 .
L A ‘.'l't‘l..'.i.‘&‘ et

L

The prediction is that protons should be the dominant ion species from 0.1 to

)
nd I MeV, helium ions should dominate at 1 to several Me\ per ion, and at higher '-ﬁ
- energies oxvgen (and possibly also carbon) should dominate. ‘These comparisons :~]
-f are done at equal total ion energy. If comparison is made at equal cnergv per 5
. nucleon, then protons would be the dominant constituent at almost all radiation belt ]
. energies beyond a few tens of ke\', >
\ 4
'l
o f
” 10 Protons Helium Ions Atomic_Oxygen Ions

> JL(He")*J_L(He"*') i (ON+)
() - I
o < e L=325 N1 L=325
-’ [
-' ;
‘,. o 103
. b c
oy Y€ 02 8
- (5]
- ~
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N X0t
~ e ]
. § 102 -
A s I
50 d 1
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[ = ) ¥ 1
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L
- Figure 5.30. Theoretical Model of the Radiation Belt lon
Fluxes; Comparison »of Theosretically Predicted Energv
t Spectra of Proton, Helium and ()xvg(‘n Fluxes at 1. 3,25
for Different Dilfusion CoefficientsT"
b

5.5.2 Geomagnetic Storms

-

Most radiation belt modeling carried out so far deals with equilibrium condi-
tions appropriate tor quiet time conditions, There is at the present time no fully

comprehensive radiation belt model for the effects of geomagnetic storms and other
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disturbances., The reason is partially the incomplete knowledge of the radiation

belt particle source mechanisms, and in part that disturbed time modeling is diffi- .

i

cult because of the changes in magnetic field and time varying electric fields that T
- must be also incorporated. Research is being conducted in this area, but no defi- “
.:' nite models are available as of this writing, .
:: Specific types of disturbances and associated time variability have, however, -
-'_': been analyzed. Among these are studies of the post-geomagnetic storm decay of :.‘I
) energetic particle fluxes following the (yet not fully explained) injection events. ”1
Lyons and Thorne43 have demonstrated that the radiation belt electron particle i
. scattering lifetime can be used to explain quantitatively the restoration of the radia- ;l:
:: tion belt electron slot region after it becomes filled in during the storm injection ::
:.: process. Spjeldvik and Thorne50 subsequently demonstrated that the precipitating _:
. electron flux into the middle latitude ionosphere following such storms causes en- A
; hanced D-region ionization of sufficient magnitude to explain VLI radio wave phase
: anomalies observed at such times. Spjeldvik and Lyonsm have suggested a simpli-
.\ fied prediction model for these effects.
: There is reason to think that magnetic storms differ considerably from one

another, not only by the magnitude of the ring current storm index Dst but also in
- the injection characteristics of energetic ion fluxes. Once injected, radiation belt .
.:' particles become subject to the normal processes in the trapping region discussed N
~. earlier. For specific magnetic storms, the post-storm decuy of protons and heavy
. ions has also been studied, and fair agreement between predictions and observations -
( has been reported in limited energy ranges where the data were available, 52,53 i

5.5.2.1 TIME VARIABILITY OF THE PARAMETLERS

Within the framework of radiation belt diffusion, the injection of particles is

[REREAL NG, }

described by a (time variable) source term S(L., p, ao;t). The boundary conditions

r

: may also be time var able, reflecting dvnamic conditions on the outer edge of the
- _s-table trapping region f(Lmax‘ P, aozt). and the transport coefficients, DIAI, and
< Da a will also be time variable reflecting the geomagnetic activity level. Based
- n o
:. on limited data, l.anzerotti et 3154 estimated that the radial diffusion coefficient
j might vary with the K geomagnetic index as
X 1Y
- (I\l) _ -¢ 10 = ag
\;' LL = 10 L (5, 96)
2
v with
-
Rl
-4
:L £ = -(9.6-0.07) Z I\')) . (5.97)
: 1/2 day !
.- (Due to the large number of references cited ubove, they will not be listed here.
. See References, page 127.)
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It is not vet known how l)[ i might vary with geomagnetic conditions.
o 0

It is also known that the exospheric neutral density varies with activity (because of

and I_)(Y o
@)
the heating of the upper atmosphere), and that the plasmaspheric densities can vary
stronglyv. A first approach muay be to solve the appropriate transport equations
using perturbation theory for the different variables. Some geomugnetic conditions
may, however, be too drastically altered to be treated as perturbations, so caution
is in order. At the present time there are many unknowns, and specific models

have vet to be developed.

5.5.2.2 DMAGNETIC TOPOLOGY VARIATIONS

During the early phase of magnetic storms the earth's magnetic field becomes
compressed on the dayside. It has been observed that the subsolar magnetopause
can be pushed inward from an average location of ~10 RE to ~5 RJ:J during large
storms. This implies a large B-field change. llowever, most magnetic storms do
not cause such a large perturbation of the magnetic field. Increase in the lower
energy (~10-500 ke\)) radiation belt ion fluxes produces an enhanced ring current
(see Section 5.7) which depresses the earth's magnetic field earthward of the en-
hanced particle flux region, and causes adiabatic deceleration of the trapped radiation
belt particle fluxes. On the other hand, geoelectric fields penetrating into the trapping
region during disturbed conditionslz’ 13 can cause cross-L non-diffusive transport
and thus adiabatic acceleration of the particle population. 10 The relative influence
of these processes depends on particle energy. These effects must also be incor-

porated into storm-time radiation belt prediction models.
5.6 EMPIRICAL RADIATION BELT MODELS

Since the discovery of the earth's radiation belts, the population of trapped par-
ticles has been measured with ever-improving instrumentation. The early Geiger
counters flown on the first few spacecraft had little or no particle iaz2ntification
capabilities. Subsequent instruments used foil techniques, solid state detectors,
magnetic and/or electric deflection techniques and electronic signal discrimination.
This led to a clear separation of electrons and ions (which were then assumed to be
solely protons). During the later years of space exploration the presence of a
multitude of different ion species was established. The purpose of this section is
to provide a brief overview of existing radiation belt data, as a source guide for
those who require crude numerical estimates of the radiation environment. It is
emphasized that the older empirical "proton” model in reality represents contribu-

tions from many ion species, und that sometimes the heavy ion contribution may be

dominant,
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5.6.1 Data Acquisition and Processing

Empirical radiation belt models are compiled by NASA/National Space Science

B
_:E: Data Center, Goddard Space I'light Center in Marvland |[Vette etal, 55 and references
) :(:' therein]. These models represent a svstematic effort to compile many vears of
“::: data containing a large number of disparate satellite observations into a few key
models, These observations were separated in spuce and time, and made with
R highly varying instrumentation so that subjective judgments were necessary regard-
R ing data quality. The complexity of the task is appreciated if one considers the
;_i: volume of space to be covered and the time variation in the particle fluxes. Most
:-:. of the data used in the NASA models were obtained in the 1960's and early 1970's,
™ FFor example, the present AP-8 model for protons is a combination of 94 different
<. K] instrument energy detector channels from instruments flown on 24 satellites, 56
::“: The combined data sets were smoothed to obtain omni-directional flux distributions
,::-' in the B, L. parameter space., The fluxes were integrated over all pitch angle~ and,
:..:_' therefore, directional information was not utilized. Other limitations in the data
. sets are variations in instrument response and the lack of local time dependence
e considerations, Also note that the flux models are compiled from a data base
.,:‘: obtained over a brief time period in comparison with other geophysical and solar
:-( time scales. Long term dynamical changes in the radiation belts are not well under-
:‘; stood so that extrapolation to different epochs must be done cautiously. For ex-
. ample, much higher fluxes than the models give have recently been observed. One
A example of very long term effects is the adiabatic energxzatxon of inner belt protons
.':-:'. by the secular variation of the earth's magnetic fleld
. 5.6.1.1 PROTONS (IONS)
:' It has become customary to refer to energetic protons located below L ~ 2 as
,' ' inner belt or inner zone protons. This is a misnomer, however, 5s(since the proton
' s fluxes normally have only one radial flux peak., Sawyer and Vette” have completed
":: an extensive model of the trapped "proton’' environment out to L = 6.6 for energies
AN above 100 keV. The measured ions were labeled "protons'’, although no actual ion
identification was made. The model is composed of two parts, AP8MIN and
= APB8MAX, which correspond to observations made during the 1960-1970 sunspot
o
~"v —_—
:'_'.: 55. Vette, J.l., Teague, M.J., Sawyer, D.M., and Chan, K. W, (1979). l\lodel'ling
AN the earth's radiation belts, Solar~Terrestrial Prediction Proceedings, Vol. 2,
:;5 (Ed, R.F. Donnelly), U.S. Department of Commerce, NOAA, Boulder, Colorado.
-— 56, Sawyer, D,M., and Vette, J.I. (1976) AP-8 Trapped Proton Envu'onment
ik for Solar Maximum and Solar Minimum, -06, )
‘_'.:" NASA-GSFC TM5-726005,
s(: 57. Scpulz, M., and Paulikas, G.A. (1972) Secular magnetic variation and the
0y inner proton belt, J. Geophys. Res. 77:744.
3

72

T

%'-
R B R

j /)
}1\.‘\.‘_..- N




minimum and maximum conditions, repectively. The difference between these two
models is thought to result in part from differences in upper atmosphere heating
during solar active periods such that the trapped particle collision rate (due to the
exospheric expansion) was increased. AP8MAX differs from AP8MIN for altitudes
less than about 1000 km and for L values less than 2.9, however, steep spatial
gradients in the ion fluxes at lower altitudes are difficult to determine accurately.
An equatorial profile of the ion (proton) fluxes as given by AP8MIN is shown in
Figure 5.31. Note the presence of > 400 MeV protons for L. < 2. This is consistent
with higher energy protons being produced by the decay of neutrons produced in the
atmosphere by cosmic rays (the CRAND source). The lower energy fluxes can

arise from inward radial diffusion as discussed in the theoretical modeling section.
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The AP8 proton models include no data afrer 1970 .ad ve:: Little ducn o

100 MeV energies. °C Although the "proton’ belt is cousidered far more stuti thun

.
0

the electron belts, significant enhancement and depletions have been observed. 4

-~ o, Pige™ e

" secondary equatorial proton peak (40 - 110 Me\) of unknown origin was observed by
"::'; Mcllwain. 59 This peak moved from [. = 2.25 to L. = 2, 1 earth radii between BESSIPRON
l- ‘-'\ 1963 and January 1965. During the large May 1967 magnetic storn, 2.2 - 4.2 NMer

o proton fluxes were observed to increase more than a fuctor of 10 at I = 2.2

_"_'::: [Bostrom et also]. Lower energy (0.26 - 0.65 Mel) protons were observed to be
“:‘ preferentiallv enhanced during the same storm at L. = 3. 0 [ Rothwell und K;atzbl].

: Beyond L = 5 carth radii, order-of-magnitude fluctuations occur on time scules as
) short as 10 min.54 Very large increases in Me\ heavy ion— fluxes.‘ut [.=2-5

. were observed during the August 1972 magnetic storm event. 52,53,62 For this
‘\ reason engineering applications should consider large deviations from the mean
- models.

Off-equatorially mirroring ions intercept the upper atmosphere at higher equu-
- torial pitch angles on lower lL.-shells. For example, Figure 5.32 shows the B B
‘ distribution for three different I.-values just above the atmosphere; B/ H() being the

) ratio of local to equatorial magnetic field induction on the same field line. At
] :‘_ L = 1. 17 the equatorial pitch angle distributions have very steep loss cone gradients
f;: such that the particle flux vanishes at @ 5 78%. Atl= 1.50 this “cutoff’ is

< aoc ~37° and for L = 2,00, OloC ~ 21°, These cutoffs come about because the atmnas -
_ | pheric bounce loss cone is wider at the lower l.-shells,

.:‘: The South Atlantic Magnetic Anomaly has a controlling effect on the inner zone

- particle fluxes in the vicinity of the loss cone. This anomaly arises from the earth's
f::’: magnetic field being less intense at a latitude/longitude region located near the
"‘ coast of Brazil. Trapped particles at these low [.-shells will encounter their lowest
{_., mirroring altitude (Hmin) and thus the densest atmosphere in this longi?ude region,
:}: Figure 5, 33 shows omnidirectional proton flux contours in protons cm-Z s.ec_l l\le\'—1
S at 750 km altitude. These contours were derived from 5 to 7 Me\' (dashed lines) and

‘-.j: 28 to 45 MeV (solid lines) data channels on the ALFGI. particle identifier instrument
o flown on Al" Satellite 72-1 in 1972. The data show that the location of the proton peak

flux in the low altitude section of the trapping region adjoining the South Atlantic is

_-:: dependent on energy. The 5 to 7 MeV\ peak is located around 1. = 2 while the 28 to
:.':_‘ 45 Me\V peak is located around 1. = 1. 3.

L3
‘ (Pue to the large number" of references cited above, thev will not be listed here. -

5 See References, page 127.)
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The azimuthal drift around the earth of radiation belt particles through the
South Atlantic anomaly region produces u 'windshield wiper™ effect. Electrons
present in the enhanced loss cone created by the locally low B-field region are lost.
These electrons are subsequent’y replenished by pitch angle diffusion during the
drift around the earth outside the anomuly.

Solar cvele variations that modify the atmosphere and ion composition and high
altitude nuclear detonations can significantly affect the trapped particle populuations.
A 15 year time-study of inner belt 55 Me\ protons concluded that the o‘t‘)served flux

variations were consistent with expected atmospheric loss processes.
5.6.1.2 HEAVY IONS

The abundance of trapped heavy ions suggest clues to the origin of the radiation
belt particles. At high energies the heavyv ions also constitute a hazard to opera-
tional space systems, Over the last decade data have been acquired to sketch the
spectral and angular dependence of the helium and carbon-nitrogen-oxygen (CNO)
fluxes.

Helium Ions: Helium ions are sometimes referred to as alpha particles,
although in a strict sense an alpha particle is only the totally ionized state (He2+)
of a helium ion. Iigure 5.34 shows average equatorial helium ion spectra over a
range of L.-shells during quiet-time conditions. 64 Notice that these spectra are
very steep at L. 2 4, become much harder with lower L -shells, and are almost flat
at L ~ 3. This is expected since the lower energy helium ions are preferentially
lost through the ion charge exchange mechanism and Coulomb energy degradation as
the particles diffuse radially inward. The observed ratio between helium ion and
proton fluxes simultaneously observed is given in Figure 5.35, Care must be
exercised whether the ratio is defined at the same total ion energy (as in this
figure) or at the same energy per nucleon. At higher total ion energies the heavy
ion flux may be dominant over the proton flux at some L-shells (Figure 5. 35)

while at the same energy per nucleon, proton fluxes usually dominate.

63. Parsignault, D. R., Holeman, E., and Filz, R.C. (1981) Solar cycle
modulation of the 55-MeV proton fluxes at low altitudes, J. Geophys. Res.
B6:7749.

64, Fritz, T.A., and Spjeldvik, W.N. (1979) Simultaneous quiet time observations
of energetic radiation belt protons and helium ions: the equatorial a/p ratio
near 1 MeV, J. Guophys. Res. 84:2608.
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Figure 5. 34. Energy Spectra of Equatorial Radiation Belt Helium
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the Geomagnetically Quiet Period June 1-15, 1972, The data are
given at L. = 2,25, 2.5, 2,75, 3, 3.25, 3.5, 4, 4.5, and 5 [Fritz

and Spjeldvikb4)

The equatorial helium ion pitch angle distribution is generally more anisotropic
than the comparable proton pitch angle distribution. For L.-values between 2.5 and
4.5 the proton fluxes most oftenvary as sin” o wheren= 4+ 2 and a, is the
equatorial pitch angle, while for helium ions n =~ 10 + 4. Bevond L. ~ 5 the helium
fluxes are quite dynamic and characteristic quiet-time values are difficult to define.
During magnetic storms the fluxes of energetic helium ions can increase by orders
of magnitude in the heart of the radiation belts (I. ~ 2. 5), and the relative abundance

of the different ion species can vary. At higher I.-shells substorm effects can be

78

NS S L

-y,

cetaT

R

"1

-?

| G

Sy v, ti e
a2 aliatk

(YN



-

" el 1’

4 %t

Y
o

’—;" Yy l‘"_

A
Yy

e Ay

LA XS

L=2.25

L=

2.5

L=2.75

A I PRI ek S 2l )

9

a/p Ratio

bl Liga

L1

—

LRI A

T

L=3.25

Vd
|
Ll

Ll

.

L

I RN T

!

" Al

sl

HES ST B

-

10"

T THHHI

s
URAALIL B R RRIL

Lol Lol

L

Lol

T T

T

A RINSRRL AR R BV

T

"TY!II

L=45

»

[l

Lol

caanl

ol

Ll

T

T

RRARLL

T T Ty

T

L=5

Loyl

1-' T

Lo Ll

Ll

bl

Uiyl

b

-

0.5 I
Energy per ion (MeV)

05 [

w

T

. v
AR
R A N
o
o

Figure 5.35. Quiet Time He/p Ion Flux Ratios in the Equatorial
Radiation Belts of the Earth Deduced From Explorer 45 Observa-
tions During June 1-15, 1972, The ratios are calculated from
flux ohservations at equal energy per ion. The shaded areas

)

. %

P R4
AL

’

>

A
PP A,

‘,4

A}

X
N

mental uncertainty in the data [from I'ritz and

- ._'-\ﬂ ,.~-..-

.

.
A atalatan

.

-
.

a¥a

-
b

ST
- '.n !'




v v, - a -
Ol Yokttt 3 et S0 v R A I AL ST AR LA i e T N T I Y Y R R I L, S, W,

PR I T I A

. 8
DN )
L )
L}
l‘l ’

N

significant, For example, during the June 18, 1974 substorm, helium ions were

more numerous than protons at geosynchronous altitude for E Z 800 keV/ion, 6

s &

:::’ Blake and Fennell66 also have noted that a strictly sinusoidal pitch-angle distribu-
.:; tion did not completely describe the 98-240 keV/nucleon ion fluxes at the geo-
:f": synchronous altitude (L. ~ 6. 6).
ok Carbon-Nitrogen-Oxygen (CNO): Trapped oxygen ions can at times be much
. more numerous than protons particularly at L. Z 5 when compared at equal total
::E: ion energy. Figure 5. 36 shows the radial flux profiles of carbon and oxygen ions
\: 2 as measured by the ISEE-1 spacecraft. 67 At equal total ion energies in the MeV
N ] range the carbon to oxygen flux ratio is of the order of 0.5, and at equal energy per
-~ nucleon the carbon flux can dominate. This indicates an extraterrestrial source
'- o for the~vsery eneggetic trapped heavy ions since the ionospheric C/O-ratio
x}: is < 10 " [Blake "]. The CNO flux pitch angle anisotropy is even more pronounced
:._: than that of helium, having a value of the anisotropy n-index typically between 12
:::: and 16. At the higher total energies (> 800 keV) and at geosynchronous altitudes
the differential CNO flux has been measured to be higher than that of protons and
‘ helium.
NN Very Heavy lons: Ions heavier than oxygen are also present in the earth's
! }E:’ radiation belts in small quantities. It has been demonstrated that substantial injec-
': tion of ions withnuclearchargeZ, 2 9 can take place during some magnetic storms,
s and many orders of magnitude flux intensity enhancements at§ 2 10 MeV have been
} e observed lasting for many months. 62 During such disturbed conditions the trapped
~$: fluxes of other ions (He, O, and so on) can also be greatly enhanced. 52,53
\3‘_3 5.6.1.3 TRAPPED ELECTRONS
::"-;' Empirical flux models have been developed that describe the inner and outer
electron radiation belts. The National Space Science Data Center at NASA/Goddard
::':" Space Flight Center has developed two inner belt models: AE-G_for sunspot maxi-
':“‘ mum,69 and AE-5 epoch 1975 for sunspot minimum conditions. 70 There is also an
fo outer belt electron model called AE-4. An updated outer belt model, AE-7, is now
\"': under development. In this section a brief description of the models is given and
’_:' typical electron flux versus L-shell profiles, energy spectra, and pitch angle
:" distributions are quoted.
o S
. (Due to the large number of references cited above, they will not be listed Liere.
47 See References, page 127.)
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NN Figure 5. 36, Liquatorially Trapped Carbon and Oxygen Ilon Fluxes
e Measured From October 1977 - January 1978 During Quiet Times.
Count rates mayv be azpproximately converted to omni-directional
Y flux units: ions/(cm® sec keV') by multiplying by 50/ L where A E
'-.: is the appropriate energy passband in ke\ 65
.\
1y,
o
"“ Inner Belt Electrons: The empirical data AE-~5 model is based on flux data from
five satellites, OGO-1, OGO=-3, 1963-38C, OV3-3 and Explorer 26 [Teague and Vette' I].
p
.:j:} This data base covered the period from December 1964 to December 1967, repre-
;‘a,, senting a transition from solar (sunspot) minimum towards maximum conditions.
-~ .
'-_»: During this period the time-averaged Zurich sunspotnumber RZ ranged invalue from
°.::£ about 10 (December 1964) toaround 100 (December!967). Inconstructing the AE-5 model
it was assumed that the total inner belt electron flux is composed of four components:
::.: (1) quiet day flux at solar minimum, (2) quiet day flux at other times during the
::.-:: solar cycle, (3) storm-time flux, and (4} residual flux (contamination) from the 1962
:}\; high altitude Starfish nuclear explosion. By late 1967 the Starfish-generated energetic
e
“' electron flux at € < 1 MeV had decayed to insignificant levels. It should, however,
- be noted that for energies & > 690 ke\ the available data for the inner belt AE-5
:-. model were quite limited. For example, within the observing range of the instru-
::-' ments the monthly averaged OGO-1 and OGO-3 data showed non-zero counts in this
::.,-_' energy range only when the Starfish fluxes were still present or during storm times.
Py
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The quict duy solar cvele variation was defined by taking the ratio of the
\J omnidirectional flux measured from solar minimum to a stand:rd refercnce epoch
_::-.j tchosen as October 1967). Insufficient daty necessitated the ussumnption that the
_::?j B-field, and therefore the particle pitch angle distribution, is independent of the
__J;.:J. solar cycele as seen in energetic trapped electrons. Also, the presence of Starfish
S residual energetic electrons restricted the analysis of the uncontuminated radiation
N belts to later times when these man-made radiation belt electron fluxes had decaved
:',:\ away. It should be emphasized that the solar cycle variation has been determined
"’ for only one specific cycle and that the results may not apply to other solar cycles.
"." The effect of magnetic storms on the time averaged radiation belt electron flux
e depends on (1) the frequency at which magnetic storms occur, (2) the magnitude of
,-__ the stormtime electron flux enhancement over quiet time values, and (3) the dura-
::-: tion and characteristics of the magnetic storms. The inner-belt electron flux
i:;z'j increases are infrequent but substantial and long-lasting, sothata representative model
::‘}: storm effect was not extractable from this NASA data base. However, the average
v long term impact of magnetic storms was estimated by forming the ratio Rs which
ok is the average electron flux (June 1966 - December 1967) divided by the quiet-time
::::: electron flux (October 1967). The results are shown in Figure 5. 37 and reflect
:.:\. a pronounced flux peaking at 1 MeV. Of course, the largest relative storm time
::,:: energetic electron flux enhancements are found in the electron "slot-region’
"~ located at L. ~ 2 - 4, depending on energy.
...‘ An inner beltﬂelectron model for solar minimum was derived from the model
\':_-'_: discussed above. 70 This is called the AE-5 Epoch 1975 Projected Model and was
:'-"‘:. constructed by numerically removing the estimated temporal variations. For
.t;:: example, the Starfish residual energetic electron flux component
- (L < 1.6 Ry, E>700ke\) was "removed’, from the data base, using the theoretical
residual Starfish electron model of Teague and Stassinopolous. !
{:-? Similarly, a solar maximum model, AE-6, was constructed using the AE-5
;:;": model at solar maximum values (epoch 1967) and with the estimated Starfish resi-
z,,. dual (background) energetic electron fluxes also subtracted out. This model is
iy called AE-6 Epoch 1980,
2] The electron models were later verified by comparing them with additional data
::'_: sets from the spacecraft OV3-3, OV1-13, OV1-19, OGO-5, OGO-1, OGO-3,
::\: 1963-038C, and OS0-4 [Teague et a173]. These additional data were also obtained
-
' 72. Teague, M. J., and Stassinopoulos, E.G. (1972) A Model of the Starfish Flux .
e in the Inner Radiation Zone, NASA Goddard Space Flight Center, Maryland,
N TMX-~B66211.
\:': 73. Teague, M.J., Sghofield. N.J., Chan, K.‘W. » and Vette, J. L (1979) %,M
-, of Inner Zone Electron Data and Their Comparison With Trapped Radiation
Ity Models, NS5DC Goddard Space T'Tight Center, Maryland.
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before 1970 and substantiate the model empirical mean values for that particular
epoch. Figure 5.38 shows a comparison between these data sets and the AE-6 and
AE-5 1967 models and represents quiet time energy spectra of equatorially mirror-

ing electrons as measured at L = 1.5. The OGO-1 day 300 1964 results are
evidently seriously -ontaminated by the Starfish detonation residual energetic elec-

trons. Otherwise, these flux data show fair agreement between the AE-6 electron

model and the different data sets. Figure 5.39 shows comparison of the empirical
model and measured equatorial pitch angle distribution at L = 1.4. The AE-5 1967
(solar maximum) model and the AE-5 1975 (solar minimum) model bracket the data

within a factor £ 2 to 3, except at very low equatorial pitch angles.

Average Flux
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The quiet day inner belt electron fluxes for k£ < 690 keV at 1.3 < L. < 2.4 can

be represented by an analytic formula based on the empirical data. "1 The ener-
getic electron flux is parametrized as follows:
jta . L, €)= A(ao. L) € exp [-C/Co(ao. LN (5.98)

where L. is the Mcllwain L-shell parameter, o, is the equatorial pitch angle and the
parameters, A (ozo. L), 80(010. L), are related to the equatorial values (ao = 90°)

by the following empirical expressions:

Sil’ln1 (CYO - aOL(.')
Ala , L) = A(90°, L) b >a Z o
0 sinm (d) -« ) O C
ol.C
(5.99)
= A(90°, L) 90° = ao 20
€ - o B o} wipD >
ol @, L) = 80 (90°, 1.) sin ao/sm 0 0> a za,
(5. 100)
p— C o o > >
= € (90°, 1) 90°z @ Zo0.

Values for ¢, @ n,om, € O(ao = 90°, I,)andA(OtO = 90°, L)fora givenl.-shell
are given in Table 5. 2.

In Lgs. (5.99) and (5. 100) the equatorial electron pitch angle distributions are
described as being fairly flat out to an angle ¢, where they rapidly drop as sin® a.

The parameter o is the minimum allowed equatorial pitch angle (the loss cone

oLL.C
angle) and corresponds to a 100 km mirroring altitude. These formulas should be
used with caution, however, since they represent extrapolations based on an imper-
fect and incomplete data set. The dipole approximation gives e in terms of

L.C
BC from Table 5, 2.

B 1/2

— ap i 5

aOL(: = arc sin m) (5.101)
o

where BC is the magnetic induction at the 100 km altitude level on a given field line.
Figures 5.40 und 5.41 show the equatorial integral electron flux profiles as given
by ALE-5 (1975 projected) and AE-6.

86

A A A A RO A A A I S R I LT A oSk il e sk gne)

LT




T s e e e - S s i s T wmmTL.T. e S WEST € TV MW

a ¥0¢ 0 0°06 0¥t "0 9L°0 0°clL €£0H00 "9 IXCR B 0¥ °2
’, {46¢ "0 0700 0S¥ 0 LL"0 G ¥l £0H0S "9 LOHT9 ¢ 0¢€°¢
. GGG 0 0°06 09% 0 8L°0 0°LL £0d00 L LOHST ¥ 02°2
. 9R7 "0 0°06 0Ly "0 6L°0 0°18 €0HST "L LOHG69 P 0l °2
08¢ °0 0°06 08%v 0 080 L 8 €0d06°L LOM8E ¢ 00°2
‘) LIT0 0°'06 006 °0 £€8°0 G 98 £0Hd08 "L LGH%8 ° G S6°1
» FL2 0 0°98 07¢°0 S8 °0 g°.l8 €0HE6 "L L0dIl "9 061
. L0 0°9L S5 A1) 98 °0 068 €0HdLGE "L LOH00 9 €81
) 297 "0 0°0L 0LG*0 L8°0 8°68 [NCICE N LoALL S 08°1
A <9z "0 0°89 08¢6°0 88 0 S°68 0189 LOH9Y "¢ SL*1 4
’ «9¢ "0 0°99 06€°0 68 0 1°68 €042V 9 LOHFOTI "¢ oLl g
. LS 0 ¢ 99 009°0 06 °0 888 €080 °9 LOA6L 'Y G9°1 <
. £6e "0 0729 019°0 16 °0 t 88 S0HIPL G 10469 "V 09°1 ....“
’ 6¥c 0 0°99 029°0 26 °0 G LY £0H1Z "¢ LOH66 "¢ [l §
Al ¢tz "0 0°¢€9 0€9°0 €6 °0 G 98 €09¢ ¥ LOHLIY "¢ 06 °1 = ...M
I+e "0 0'vé 0%¥9°0 0¢ 1 L "ER €018 ¢ 10318 °2 S¥°1 .....
. €20 gLl 0¢9°0 oLt 1°68 £0780 °¢ L0dE€e 2 o¥°1 e
.... ¥£2°0 L9 099°0 02 °C £ '8 £0H6¢E 2 10d0L "1 [ 4
: 280 [°L9 0L9°0 08z L°€8 oMLt L0402 "1 0g 1 m
Y (dap) (A9Y) :-,/wx T,T)zm Towm m:Euv :-,:Bm N.uw.n N-Euv Amxv ....m
: ' I3 . 1 N
4 [l N I\ (o6 -3 (.06 o)V (.06 - ) ,.w
: 19/01 - HDOJd o
., g
! $a948ap 0 = 918uy yolld onuaaajay M
. v
L 4
(SUOL}0ITT 1198 Jauul) saalaweded [9pPOIN Ae(] um_sg 4....M
W
[ JS1IRIAP 10 1X 01 998)  "SUO0AI291H 19¢] Jauu] Ae(]-191ndy) J0O) sadloweded 19pOIN XN ‘g ¢ 3Iqel .'.i.A
N
-7 .f.
>

ol

L4l ol

S Y, DA A AL RS PR .
- 2l el A s *a ,.-..- % e r 1 [REAS i .' - J\..#.l\\ o q- .-_ lr.t -f\-.nu-.v,‘.\ \ ‘.-uf. \ 1,



Lo,

XA [ PR
RAA! ¢ ALK

R

T T T LT L N NS S T T T

QCX)[-

7001

€00}

g

LG FLUX
8

200

AES - MIN

PR A 2 ve Biiex 4 ¥ Vo — A 7
IO RIUIL A AL e e S0 S e e B e 4. CRA A A )

SCX)"

a00+

600F

LOG FLUX

200+

AE6 ~ MAX

3

275

425 3.

32%
35
ar

-

§}-

N e T N Tt e L AT T Y Nt h et et - e e e e e
WO SIS, PP _-ﬂ‘ ‘-:‘.2‘.‘-‘.:’:‘-*_.'. .J}}\£~_l.-_ .::&"';(\"\“.‘:.“.
ak A ”

) .

Figure 5.40. Empirical Radiation
Belt Electron Observations; Equatorial
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Outer Belt Electrons: The outer belt trapped electron fluxes are located be-

tween ~3.5 and ~ 11 RE' Rapid changes in the magnetic field and background plasma
can modify the electron flux levels within minutes. Because of the apparent coupling
between magnetospheric substorm processes and the outer belt trapped electron
fluxes, time-averaged models have been developed. There are discernible changes
in the average flux over the time period studied so that the model is given for two
epochs. The NASA models are called AE-4 epoch 1964 (sunspot minimum) and
AE-4 epoch 1967 (near sunsput maximum), 4 The data base was acquired between
1959 and 1968 from 23 instruments on 11 satellites.

Because of the lack of azimuthal symmetry of the geomagnetic field in the outer
radiation zone, studies of the radiation belt electron structure beyond L ~ 5 requires
that the conventional B-L coordinate system (calculated from the earth's internal
magnetic field) be augmented with the additional coordinate local time, LT. The
empirical LT dependence of the outer radiation belt electron fluxes has been deter-
mined to be

log J ~ C(E, L) cos (r Lot (5.102)

With LT in hours and C(E, L £5)= 0[Vette et a155]. But this is true only in a
time average sense, and it was found that the electron flux intensitv levels can varv
by orders of magnitude at any given local time.

Given the equatorial flux ((yo =7/2 or B = BO), the off-equatorial outer belt

integral electron flux (o # 7/2) can be estimated bv:74

J{>E, B, L]= J[> E, B= B, L|G[B, L] (5. 103)

where
B -B ro+ 1/2
-m

G[B, L] = (B/B) _ i B< B
° Be - B, (5.104)

G[B, L] = 0 ;Bz B, .

The parameters m, BC and }30 are all empirical functions of L. and are given
in Table 5.3, The parameter B is the magnetic field value at the desired location
off the geomagnetic equator, and Bc is the value of the magnetic field at 100 km
altitude on the same magnetic field line.

74. Singley, G.W,., and Vette, J. 1. (1972) The Ali-4 Model of the Outer Radiation
Zone klectron knvironment, NSSDC 72-06, NASA.
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Table 5.3, Flux Model Parameters for

Outer Belt Electrons, (See text for detaits)’?
AE-4 B/B_Model Parameters (Outer Belt
Electrons)
%
L B, B,
(RE) m (G) G)
3.00 1.12 0.01154 0.580 .
3.10 0. 87 0.01046 0.582 .
3.20 0.71 0.009511 0.585 ’
3.40 0.66 0.007929 0.588 '
3.60 0.63 0. 006680 0.593 :
4.00 0.60 0.004870 0.596 ¢
4.50 0.60 0. 003420 0.599 !
5. 00 0.60 0. 002493 0. 600 d
5.50 0.60 0.001873 0.601 I
6.00 0.60 0.001443 0.601 N
6.50 0.60 0,001134 0.602 :
7. 00 0.60 0, 000909 0.602 q
7.50 0.60 0.000739 0.603
8. 00 0.60 0. 000609 0.603
8.50 0.60 0. 000507 0.6035
9. 00 0.57 0,000428 0.6035
9. 50 0. .2 0. 000363 0.604
10. 00 0.44 0.000312 0.604
10. 50 0.35 0.000269 0.604
11.00 0. 24 0.000234 0.604
g B, - 0.311654
L
Figures 5.42 and 5. 43 show the Al7-4 equatorial omnidirectional trapped model
electron fluxes from 0. 05 to 4. 50 MeV. Epoch 1964 represents solar minimum and 1
<4
epoch 1967 solar maximum. Using the above expressions with Table 5,3 and Figures l
5.42 and 5. 43, flux estimates can be made at non-equatorial latitudes. k
Measurements from the OV 1-19 satellite have indicated that the A4 model Y
fluxes may be significantly too low, particularly at higher energies beyond 1 Me\, o }
These newer data were averaged over periods that included two magnetic storms in
1969. The OV 1-19 instrumentation measured radiation belt electrons in the 53 keV 4
to 5.1 MeV energy range in 24 differential energy bands, which significantly im- ;
proved the high energy data coverage over that which had been available to construct b
the AE4 models. The OV1-19 data has now been incorporated into a new NASA :
model called AE7-HI !
‘
————— L
75. Vampola, A.L. (1977) A New Study of the Outer Zone LKlectron Environment, A
A Hazard to CMOS, SANSO-TI-77-127. ;
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Figure 5.42. Empirical Radiation
Belt Electron Fluxes; AE-4 Radial
Profile of Equatorial Omnidirectional
Flux for Various Energy Thresholds,
Epoch 1964 [Singley and Vette74]
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Figure 5. 44 shows the equatorial electron flux versus [.-shell profile as given
by the AE7-HI model. Note, however, that no direct equatorial measurements
have been included in the empirical model for electrons (12 > 300 keV) above 8000 km
and below L. = 5. Much of the data base was acquired from satellites orbiting at a
significant inclination to the magnetic equator, making equatorial flux representa-
tions based on these data uncertain. Figure 5.45 shows the differences between the
A¥4 and the AE7T models at energies above 1 MeV. The AE7-1L.O empirical model

is based on data taken on the AZUR satellite and is shown in I'igure 5,46, Note
that & I 1 MeV electrons are most likely to penetrate spacecraft shielding and
contribute to the accumulated radiation dosage and damage. It is partially for this
reason that the empirical model uncertainties are of interest to spacecraft
designers.

Magnetic storms may cause large energetic electron flux enhancements that
last for several weeks in the central parts of the radxanon belts. Figure 5.47 shows
an exambvle of an electron flux enhancement as observed with the OGO-5 space-
craft during 1968. This example shows that the electron flux at 1.53 MeV increased
by more than 4 orders of magnitude during one particular magnetic storm. Figure
5.48 shows the mean exponential decay time of these electron flux enhancements in
days for a wide range of L-shells and energies. Also plotted are the predicted elec~
tron lifetimes, 23 (see Section 5. 5. 1. 2 on theoretical electron models) which show

reasonable, but not perfect, agreement with the experimental data in this comparison.
5.6.1.4 SHELL SPLITTING EFFECTS

The outer belt particle pitch angle distributions are particularly interesting due
to a phenomenon called shell-splitting. lere we shall qualitatively describe the
physical process; for analytic considerations, see Roederer. ! Shell -splitting arises
from the lack of local time (azimuthal) symmetry of the earth’s magnetic field at
higher L. Effects of drift shell-splitting on the trapped particle populations are considered
important for L 2 4, but it should also exist at lower L-shells where the earth's
magnetic multipoles become significant. Shell-splitting arises because particles
that drift in longitude, preserving the first two adiabatic invariants, modify their
pitch angle and radial location according to the asymmetric magnetic field topology.
While the concept of dipole L-shell is useful to describe principal features of trapped
particles, actual non-dipolar geometry with azimuthal asymmetry requires more

generalized coordinates. One such is the (strictly non-invariant} Mcllwain

76. West, H.I., Jr., Buck, R.M., and Davidson, G, T. (1981) The dynamics of
energetic electrons in the earth's outer radiation belt during 1968 as
observed by the Lawrence Livermore National Laboratory's Spectrometer
0GO-5, J. Geophys. Res. §§:2111.
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Figure 5.45. The NSSDC
AE7-HI Interim Outer Belt
Model for Equatorial Electron
Fluxes as a Function of L.
The listed energy is in MeV\
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Figure 5.46. The NSSDC
ALT~1.0 Interim Outer

Belt Model for Equatorial
Electron Fluxes as a

f'unction of .. The listed
energy is in Me\' and the flux
in units of electrons/{cm?2 seci.
The discontinuous portions of
these curves highlight the
model's areas of least accuracy

[.-shell of a test purticle huving

the same magnetic mirror field Bm' second adiabatic invariant, and energy as a

corresponding particle in the actual, non-dipolar geometry (FFigure 3. 1),

77. Stone, E.C. (1963) PPhysical significance and application of 1., B
geomagnetically trapped particles, J.

Geophys

Drift shell

. B, and R, to
. Res. 68:4157.
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splitting can also result from azimuthally asymmetric electric fields; for mathe -
matical details see Schulz and Lanzerotti, 3 Figure 5. 49 shows particles on the same
L-shells at local noon in the noon-midnight meridian plane., \When radiation belt par-
ticles drift around the earth to the midnight sector thev mave to a lower L-shell and
smaller equatorial pitch angles preserving their first adiabatic invariant values,
Those particles starting closer to the equator at noon drift to lower L.-shells at
midnight. Conversely, Figure 5.50 shows the position of particles at local noon
having initially been on the same L -shell at local midnight, Those starting closer

to the equator at midnight move outward, closer to the magnetopause on the dav-
side. If they encounter the magnetopause they mav become last and there can be

a preferential depletion near a = 90°. This gives rise to the so-called outer zone
butterfly distribution which is a pitch angle distribution (PAD) with a minimum

around an equatorial pitch angle @ = /2, Figure 5.51 shows a survev of the
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’ 78. West, M. L., Jr. (1879) The signatures of the various regions of the outer

o magnetosphere in the pitch angle distributions of energetic particles, !
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Figure 5.49. Theoretically Computed Shell Splitting Lffects for Particles Starting
on Common lield Lines in the Noon Meridian. Dots represent the particles’ mirror
points. The curved lines give the position of mirror points for constant equatorial
pitch angle @ | Roederer '}

Shell splitting also causes a coupling between pitch angle diffusion and radial
diffusion in the outer parts of the radiation belts, Any type of pitch angle diffusion
may be accompanied by radial diffusion if the B-field is azimuthally asymmetric.
The direction of the radial displacement depends on the longitude at which pitch-
angle diffusion took place. Particles near the equator that scatter to lower pitch
angles on the dayside will be radially displaced further from the earth on the night-
side, Conversely, displaceraent to lower »itch angles on the nightside leads to an
inward particle flux on the dayside. It is estimated that particles spend 2/3 to 3/4
of their drift period on the effective dayside so that pitch angle diffusion could lead
to a net energy conserving outflow of particles. : First and second adiahatic
invariant conserving inwurd radial diffusion as described in the theoretical modeling
section would increase particle energy with inward radial motion. After undergoing
many cycles of outward & -conserving diffusion and inward n-conserving diffusion
a significant local energization of trapped particles could result, .79 but the effi-

ciency of this mechanism needs to be investigated further.

79. Theodoridis, G.C. (1968) Bimodal diffusion in the e¢arth's magnetosphere:
1. an acceleration mechanism for trapped particies, Ann. Geophyvs. }};944.
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Figure 5.51. Survey of Lnergetic Electron Pitch Angjg Distribu-
tions Observed in the Near-Equatorial Magnetosphere'

5.6.2 Geosynchronous Altitude Region

Geosynchronous altitude is 3.6 X 104 km which corresponds to a radial distance
of 6.6 RE' A satellite at this altitude in the plane of the earth's equator will remain
fixed over the same geographical location. This feature is highly useful for research,
communication, and surveillance satellites. The natural geosynchronous charged par-
ticle environment impacts the lifetime and reliability of satellites through radiation
effects and spacecraft charging. Many studies of the geosvnchronous environment
have been made for example, Paulikas and Blake, 80 Y oung, 81 Garrett, 82 Baker et
al, 83 and Mullen and Gussenhoven, 84

Near local midnight the magnetic field lines at geosvnchronous altitude often de -
part stronglv from dipolar configuration during magneticallv active periods. Empiric-
ally during such times the pitch angle distributions of the particle fluxes .an change
from being peaked in the direction perpendicular to the magnetic field line to a more
isotropic distribution. This and other flux changes have been used as diagnostic
87

4 devices by Higbie et al, 85 Belian et al, 86 Baker et al, Baker et al, a8 and Belian

et al89 to study underlying n:agnetosplieric processes,

(Due to the large number of references cited above, they will not be listed here.
See References, page 127.)




In this section the long term temporal behavior of c¢nergetic > 1 MeV) elcectrons
and the plasma environment is emphasized. Lnergetic electrons penetrate space-
craft shielding and may cause radiation degradation of microelectronic components.
The plasma environment, of which the jons are an important component, modifies
the voltage to which a satellite will charge. Resul'- oo the SCATHA (Space vatt
Charging at High Altitude) satellite show that the ion conmposition at geassynohronous
altitudes is a function of magnetic activity and local time, H

Energetic trapped electron flux intensities (€ 2 1.0 MeV) at geosynehronous
altitude have been shown to be positively correlated with the average solar wind
speed. 80 The 3.9 MeV integral electron flux [ -3, 0 MeV}], for examiple, can vary
by about a factor of 5 from a solar wind speed of 300 kni/<ec 1o one of 800 ki s,

Lower energy electron fluxes (140 - 600 ke\), on the other hind show little such

correlation. Sufficiently long time averagest> | vear) empirically remove the solar

wind speed effects and reflect the overall average stability of the electron fluxes
over longer time scales. For detuils see Puulikas and Blake, eo
Energy spectra of energetic electrons in the geosvnchronous altitude region
measured with the SCATHA Spacecr‘(iftzH are shown in Iigure 5,52, These data
represent 75-day averages derived from data obtained between February 1979 und
February 1980, and on the average, the fluxes mayv be represented by o power Luw

spectral dependence. Integration of the fitted curves gives integral flux levels that

are consistent with the AE-4 and AK -7 models (Figures 5,42, 5,43, 5,45, and 5.46),

This implies that the long term temporal averages of the etectron fluxes at geo-
synchronous altitude did not materially change during the 1970's. The scatter of
the individual SCATHA flux data measurements about the mean time-averaged flux
is substantial, however, and at times the observed electron fluxes differed from the
mean values by over an order of magnitude., The flux models, therefore, should

be used with caution,

SC3 AVERAGE ELECTRON FLUX
103 — VERSUS ENERGY

POWER LAW FIT Figure ') 52. Time-averaged
F . Energetic Electron Llinergy Spectra
3 Measured Near Geosvnchronous
K] .~ Altitude From ebruarey 1879 to
5102 F X el February 1980, These curves
é 3 e T T represent a 73-dayv average and
°§. b ) % Le575 app‘r(.)ximutc a power law curve.
$ ol L RN Individual fi;xtu show, however,
3 £ RSN X Le6.25 that deviations of 2 orders of
: r e magnitude fromn these nieans are
x Lol 7 Lt not uncommon
d 100
E x Le7.25
- x L=778
L
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It is useful to estimuate the percentage of time that the electron flux will exceed
a certain value.,  Figure 5.53 shows the cumuluative probabitity distribution for the
SCATHA 1.4 ~ 2.6 MeV energy electron channel in four 1. intervals.  For example,

from this figure one would expect to find 1,1 - 2,6 Me\V electrons with a Tux inten-

. -2 - - -1
sitv greater than 10 electrons om see s Ke\ 50 percent of the time in the
5.5 -6.0 L-shell region. On the other hand, fromn: the same bar graph, fluxes above
-2 -1 -1 -1
100 electron om sec sr kel are expected - 10 percent of the time,

~ e
» -
.:_._' SC3 HIGH ENERGY ELECTRON
L. CUMULATIVE DISTRIBUTIONS
N (1419-2603 KeV)
e
100 - 100 ; B
90 . L¥60-70 rrWF 90 . 280 Frr
80 - rr 80 - ’—
. 70 ,
- -
z z 60
w
o S 50}
:.l : 40 v
S 30}
20
10
L 3 L I \_‘AAAB O S N
162 18 100 10 w2 o 02 ¢t 100 0 102 03
FLUX (elec/cm? -sec-sr-ke V) FLUX (elec /cm2-sec-sr-keV )

"

.
AN

OO
)

A }I?

L AL

.
.

>

L 1

,..
5%
Ve

;'I [4

A e
AR 1 ¢ Wil

100 - r
90 : L*3.5-6.0 rr
80 - M
70 +
60 -
50 -
40 -
30 +
20}

FWW

PERCENT
PERCENT

111 ial I
02 6 1©W® 0 0?2 0 62 6 ® 0 0?0
FLUX (slac/cm2-sec-sr-keV ) FLUX (elec/cm2-sec-sr-keV)

e

Figure 5.53. Cumulative Probability That the High-
Energy Electron Flux (at Energies 1.419- 2,603 MeV)
is Less Than the l.evels Shown. This figure gives an
estimate of the "spread’ in the individual measure-
ments used to obtain Figure 5. 52 [Mullen and
Gussenhoven®?]

Ions are a dynamic component of the radiation environment at geosynchronous
altitudes. The ion composition at low energies varies with magnetic activity as

illustrated in Figure 5. 54 [Mullen and (;ussenhoven84]. During magnetically uctive
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Figure 5.54, Average Oxygen (Left) and Hvdrogen
tRight) Number Densities as Determined I'rom the
Lockheed Ion Composition Measurements on the
SCATHA Spacecraft (for Energies 1- 32 ke\) vs Kp
for Various I.-Shell Intervals [Mullen and Gussen-
hoven®?]

periods (high Kp) the o component becomes enhanced relative to protons. An ex-

planation for 0" enhancement by Kaye et algo and Fennell et al91 is that during mag-
netic disturbances O (and H") ion fluxes are accelerated up along the magnetic field
lines from the auroral ionosphere, while other proton (H") fluxes probably originate

from the magnetotail plasma sheet, which moves closer to the earth during mag-

netically active periods. Oxygen ion flux enhancements at ke\V energies also increasc

the trapped particle energy density relative to thatof the magnetic field. Figure 5. 55,

90. Kaye, S.DM., Shelley, E.G., Sharp, R.D., and Johnson, R.G. (1981) Ion
composition of zipper events, J. Geophys. Res. \§,§‘:3383.

91. Fennell, J.F., Croley, D.R., Jr., and Kaye, S.M. (1981) Low-energy ion
pitch angle distributions in the outer magnetosphere: Ion zipper distributions,
J. Geophys., Res. 86:3375.
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Figure 5.55. Time Average of the Ratio of the
Particle Energy Density to the Magnetic Field
Energy Density (B“/8n) as a Function of Local
Time. Higher K, implies higher magnetic
activity. These data represent averages over
90 days at geosynchronous altitude (1.= 6, 65)
obtained from February 1979 to February 1980
[Mullen aund Gussenhoven8 ]

from Mullen and Gussenhoven84 shows the geosynchronous altitude ratios, 8, of the
particle energy density to the magnetic field energy density as a function of local
time. The individual curves represent various levels of the geomagnetic activity
index K_where higher K_is a measure for higher magnetic activity. 15 A 3 value
greaterpthan unity implies that the particles are not stronglv confined by the mag-
netic field. A B value significantly less than unity suggests possible overall particle

confinement in this region, These results indicate that the plasma processes that
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are operative during active periods at geosynchronous altitude are substantially
. . . . . 82 3 .
different from those operative during quiet times. Garrett ~ and Baker et 3183 give

empirical accounts for the geosynchronous plasma environment.

5.7 RING CURRENT

. The gradient-curvature drift of radiation belt particles causes differential motion
:3‘_:. that is mass and charge dependent: electrons drift eastward and positive ions drift
.E'_:‘_:, towards the west. This constitutes an electrical current around the earth in tne
'.:)'.‘ westward direction, called the extraterrestrial ring current. During geomagnetic
N disturbances, such as magnetic storms, the population of trapped particles at
\.-: ~1-800 ke\' energies is substantially enhanced on I.-shells between 1. = 3 and I. = 6,
:::: As a consequence, the ring current is intensified and magnetic disturbances at the
! ~' earth result.
b0
A 5.7.1 Electrical Current Relations
'\:::. The ring current itself produces a magnetic field that is superimposed on the
:::: earth's magnetic field. Enhancement in the ring current causes the magnetic field
::'_; depression observed at mid-latitudes on the surface of the earth during the niain

and recovery phases of geomagnetic storms as well as magnetic field enhancement
\ N beyond L. ~ 6 -7, as illustrated in Figure 5.3, For this reason we shull consider
.:-' the magnetic effects of the trapped particles.
',:':-: As one can see from Egs. (5.36) and (5. 37) the particle gradient-curviture
:’.::: drift velocity is proportional to the particle energy. With the equuatorial pitch angle,
Lo @, one may write
:': 3d=—¢3<1+coszao)(ﬁ:—34f§1\ (5. 105
) QB

AN
}::: where electric field and gravity effects have been disregarded, Herce i is the muag-
’:‘ netic field due to the main (earth's internul) dipole moment and '?I = M (:-) whoere (:)

::,'. is a unit vector in the magnetic northward direction. At the magnetic equator
AR - . B. .

:-S_‘EE: B::%I_@:[_‘é*_(n. (5.106)
.y
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For simplicity in the presentation, we shall consider equatorially mirroring

particles only, that is, a, = 1/2; for the mathematical treatment of the general

QY
case of an arbitrary pitch angle a,, see Dessler und Parker. ™~ We then get

-~

- 38 20 _ 3¢ 2 @ o
Vd— Cm—!‘ —Qan—gl- 1. (5.107)

-~

where @ is a unit vector in the eastward azimuthal direction around the earti. From

Maxwell's equations (the Biot-Savart law)z7 the magnetic field generated by the drit

motion of each particle is

2nr
y dt .
Bd = =1 f l—‘z 8 (5. 108)
[&]

where i is the magnitude »f the single-particle drift "current’:

120
Vo
o9 vy -
L= - (5. 10

- 3€
B, = -2 6, Ll
d N . 1100

The minus sign indicates that the particle azimuthal drift generated ficld opposes

the main (internal} dipole field earthward of the ring current particle populition. 2
There is olso '« magnetic effect of the particle’s spirul motion around the ficld

lines. Each gyvro-loop mav be considered o smull dipole moment L = by “=ince for
3

ao = 72,8 = 84' . and the associated magnetic field is:

X ‘ £ g€ € -
I'g:‘%:;?:_"_T:T\T LTI

which 15 in the dicectinn of the internal dipole.  The total perturbuation ut the oricin

due to a single equatorially mirroring particle is then

aoliabenn AR, Sednd ok S DA RS

, 2€
= + = -2, A.112) -
ABS Bd Bg N (5,11 ;
- 1
1
92, Dessler, A..., and Parker, k. N, (1239 jivdromagnetic theory of geomugnetic k
. storms, J. Geophvs., R s. H4:223:.
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On the surface of the earth at the equator, the unperturbed (.nternal) dipole
field is just BE = —331— 50 that
RI“

3
’] >
_\us_ 2 € ) “8"1-; I
RL,"B2R3 - T 1\12 (5. 112
E e

and noting thut the total energy in the earth’'s unperturbed dipole field above the

earth’'s surface mayv be written as

2
.1 2 3 1 M 5
L’m =3 BI‘.‘ RE T T 5. 114)
R..
E
we may express the relative ring current single particle perturbation as
2% 28 (5. 115)
B, 3C_ - R
D m

It turns out that this expression is valid for trapped particles in the radiation belts
regardless of the equatorial pitch angle a . 92 In deriving Eq. (5. 115) it was
assumed that the total energy in the ring current is less than the magnetic field
energy Um' When that is not the case Eq. (5. 115) is no longer strictly valid and
may be in error by up to a factor of 2.

By summing up the effects of all the individual particle motions in the geomag-

netic finld, one arrives at the total magnetic field perturbation:

7'-/2 L‘max cmax
AB = Zl:f sina  da f dL, f 4€ AB, fi(ozo, L,E) (5.116)
o 1 8min

where fi(a o’ L, € ) is the distribution function for particle species i, expressedas a
function of equatorial pitch angle, 1.-shell and energy.

Par‘ker93 developed a hydromagnetic formalism that provides an alternative to
this extensive integration. One may define the macroscopic particle pressures in

the direction parallel and perpendicular to the local magnetic field direction

93. Parker, E.N, /1957) Newtonian development of the dynamical properties of
ionized gases of low density, Phys. Res. 107:924.
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: 2
:E ff FUAN, v, o) nzvzcos“aodvdao (5.117)
A
2 2
P, = %fo X, v, o) me?sin®e dvda (5.118)
i

where l~'i is the particle distribution function for a particle species i expressed in
position, speed and pitch angle coordinates. The summation is extended over all
particle species. The magnetic field pressure is
B2
Pm - (5.119)

With these pressure expressions the total gradient-curvature drift current can be

written as

P
Iy = %— BX {?#_%p +-p—-(B 3)—% (5.120)

m

where c is the velocity of light [see WilliamsM]. The corresponding gyvration

current of the particle distribution as a whole is

P
1 P

=S B x{9p o7 = (B9 (5.121)
g—gﬁF 1 zpmvpm Pm T . Je

-
1

IU:&

o]

m

The two terms within the brackets in Eq. (5.120) stem from the magnetic field
gradient and field curvature respectively, and the three terms within the brackets
in Eq. (5.121) renresent currents driven by the particle pressure gradient, the
magnetic field gradient and the magnetic field line curvature. The total current

of all particles then reduces to

-P) 5
. T Bx%é’}i +—"T,—'L<'}'3-3);in}. (5.122)
m

-
I

- d

As a rule of thumb, it requires a total of 4 X 1022 ergs of particle kinetic energy

to produce a surface magnetic field depression of ~100 nT (1 nT = 1y = 10-5 G).

94, Williams, D.J. (1983) The earth's ring current: causes, generation and decay,
Space Sci. Rev, \ii:223.
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5.7.2 Composition and Sources

The population of trapped particles that form the bulk nf the ring current is
made up primarily of electrons, protons, helium ions, carboen ions, and xvgen ions,
The composition is found to varv substantiallv with energy, location (such as [.-chell)
and with geomagnetic conditions, The heavier ions, such as He and O, mav be
dominant during disturbed conditions on [.-shells in the range L = 3 to L. = 5, while
prolonged quiet periods tend to favor H (protons) above tens of ke\ energies, The
latter is also a reasonable expectation since at tvpical ring current energies
(~70 ke\') the charge exchange lifetime of o is longer. At lower energies, below
a few ke\’, the H+ lifetimes are shorter than that of He und o lifetimes, and the
opposite may be true. Figure 5.36 (Reference 93) shows a relative comparison of
ring current ion flux observations during four different time periods. These results
pertain to £ < 20 kev energies while the ionic composition at higher cnergies re-
mains to be investigated observationally.

lonospheric or atmospheric ions probably form a significant fraction of the ring
current population. This is inferred from the observations reported by Shelley et

algz and Sharp et al. 93 Low=-orbiting polur satellites detected the precipitation of

oxygen ions (L = 6. &) during disturbed times and ulso detected field-uligned upwurd
moving accelerated ions from the auroral ionosphere. Sufficient pitch angle scatter-
ing at higher altitudes could cause these upward moving ions to become stubly trapped

and form part of the ring current.
Based on total ion (no mass resolution) observations, it has become clear thut

the greatest contribution to the ring current comes from ~20-200 ke\’ ions where
4]
the mass composition is vet unknown. This is illustrated in Figure 5.57 [\\'illiamskB].

A practical measure for the overall strength of the extraterrestrial ring current

is the [)St-index which measures the middle latitude spatiallv averaged decrease in

the horizontal component H of the earth's surface magnetic field as reported by a num-
ber of magnetic observatories: Dst: <AH . Under this definition the quiet time ring

current corresponds to I)qt = 0. Hourly values of the l)g index are published by

t

95. Lundin, R., Lyons, L. R., and Pissarenko, N. (1080} Observations of the ring
current composition at L-values less than 4, Geophys. Res. Letts. 7:425.

96. Shelley, E.G., Johnson, R.G., and Sharp, R.D. (1974) Morphology of energetic
Ot in the magnetosphere, l\IaEnetospheric Physics, (kEd., B.M. McCormac)
D. Reidel, Hingham, Mlassachusetts.

97. Sharp, R.C., Johnson, R.G., and Shelley, E.G. (1976) The morphology of
energetic O ions during two magnetic storms, temporal variations,
J. Geophys. Res. &:3283.

98. Williams, D.J. (1981) An overview of radiation belt dyvnamics, Proceedings of
the Air Force Geophyvsics l.aboratory Workshop on the liarth's Radiation
Belts: January 21-27, 1981, Eds., R.C. Sagalvn, W.N. Spjeldvik und
W.J. Burke, AFGL-TR-91-0311, AD A 113950,
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t'igure 5.56. Observed kEnergy Densities of H™, and He™, and O fons in the
Rudiation Belts at Ring Current Lnergies (0. 2- 17 ke\ 'ion) vs Orbital Purann-
eters., The data were derived from the PROMICS experiment on tae PROGNO/Z -7
spacecraft., The dashed curves indicate apparent energy densities caleulated
from a total ion (L2/q) spectrometer (at 0. 1-45 ke\ ) under the assumption that
onlv protons were measured, The results show the importance o the heavier
ions at Jdifferent times and locations, The four panels represent ata for four
different r)e)r‘mtisl and the Dgi-index historv is also shown as a guide to the ring
current activity

NASA/National Space Science Data Center, Goddard Space | light Center, Meaovtond,

Magnetic storms generally have Ust depressions on the ovder of 100 to 200 a0 tver

lurge storms may exceed D ‘t} = 300 nT), ond the D 0 index miae also Tactiat
b =
substantially for other geomagnetic conditions for which D L generallv rennans
3

58 shows an example of the D ot index plotted for Jdunc-
o

less thun 50 nT. Figure 5.
December 1972, and the occurrence of four magnetic storm periods in Jdune,
August, Septenber and October 'November 15 evident. The D e i~ thereto:

very useful to identifv marnetic storms from surfuce ragnetogrars pecords,
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Figure 5.58. An Example of the Time Variation of the Horizontal Magnetic tield
Component (Dgy) at the Equator. The large rapid drops in Dy, correspond to build-
ups of the ring current during magnetic storms and is follo\\‘eé bv its subscequent
decay

5.7.3 Adiabatic Effects Produced by the Ring Current

Much of the time the magnitude of the electrical current <et up by the azimuthallv frr -
ing radiation belt particles changes slowlvincomparison withthe iondrift perio i, There-

fore, the third adiabatic invariant, whichis proportional ‘o ‘he onelosedmagneti  flux
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threading the deift pati, 15 most often conserved following injection or acceleration.

ah . . . - .
Soraas and Davis have shown that significent adiabatic effects will take place

even for moderate values of D e To separate wae adiabatic and nonadiabatic fea-
S
tures one can transform to a D . U reference. If |1(8 1 l.]» 1s the equutorially
o
mirroring flux tor € - 81 (L= 1., D7 0 und 1)(8 se 1.,) s the corresponding
= < 4

displaced particle flux for D 4 * 0 then one hus
D
(€., (5. 123)

This follows from Liouville's theorem, which states that the [)hdsc space density
is constant along dvnamical particle trajectories (f = const, = |/p ). IFor equatori-
allv mirroring non-relativistic particles, the energy & ., is mapped from the

unperturbed € | energy bv conservation of the first adiabatic invariant:

82: 81(32,131» (5.124)

where B, is the post-perturbhation magnetic field and B1 is the value of the quiet

tirne magnetic field induction.
For a dipole field where BE =0.312G,

B

_ E
}31 = - (5. 125}
Ly
and
B
2

The magnetic flux enclosed by the drift path (the third adiabatic invariant) is given

by

L,
* B -21B,
f _% - -zﬂf E 1 4L - L2 (5.127)
L L3 L
o] Ll
and
L
-21 B, 2
by = —p— + 27 f A B(r) rdr, (5.128)
2
o)

99. Soraas, F., and Davis, L. R, (1968) Temporal Variations of the 10 ke\ to
1700 keV Trapped Protons Observed on Satellite Explorer 26 During l'irst
Malf of 1965, NASA TMX-63320, Goddard Space Flight Center, Maryland.
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where AB(r) is the magnetic field change induced by the ring current enhancement,

Equation (5. 128) uses the fact that the integral from 0 to L. includes the return
magnetic flux through the earth so that the net dipole magnetic flux through the

entire equatorial plane is zero. This fact allows the 0 to [‘l integration interval

to be replaced by one for L1 to«, The equatorially mirroring ions will now be

located at L., where by equating <I>1. and ¢2;

L
B./L, = B/l + {) AB(r) rdr (5.129)
and
AB(r) = 0.7 D, f(r) . (5. 130)

.. . 99 . .
The function f(r) is shown in Figure 5. 59 (Soraas and Davis]. Foragiven Dst’ L2

can be found and, hence, B Knowing B‘), the resulting energy £ 5 can be deter -

o

mined. In Figure 5.60 we show an illustrative example as presented by SGraas and

Davis,

¥ T T 1 T LN
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~ Figure 5.59. The Radial Dependence
of the Ring Current Magnetic Field

~ Used in the Calculation of Adiabatic
Effects on Trapped Protons by
~ Soraas and Davis. 99 Notice that

the decrease is greatest near L.-4
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Figure 5.60. The Radial Proton Integral
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Invariants of Motion Conserved. The radial
dependence of the ratio between the mag-
netic field after and before the buildup of
the ring current and the radial movement
AR of the par‘ticle(s( are shown in the lower
part of the figure?”

5.8 RADIATION EFFECTS ON SPACE SYSTEMS

Among the known effects ol particle radiation on space svstems are spacecrafl
charging phenomena and effects of penetrating radiation on materials. Spevific
effects include detector malfunction and degradation, optical svstem: rdegradation,
memory system alteration, and control syvstem malfunction or failure, For manned

space operations, biological effects are a major concern.

A crude measure for damage done bv penetrating energeti.- radiation i= ra-hation

dosage which is me?sured in rads. This unit is defined as an energy depu=ition of
100 ergs (6.25 X 10 MeV) in 1 g of a material substance., This definition does not
distinguish between the different kinds of incident radiation or the different erfects
on the material. Radiation dosage is thus onlv an overall measure, and it i< Hften

necessary to examine specific interaction cross sections when studving ra fiation

effects.




.
s

P

-

ar

(]

Pkl
8 s

Cgx
A

.

"
.

., "

0

L

DAY

e

.’ 'I.
.
. -.'-'.Nl‘l‘a'

.- " J “l 4..

AN

X4 )
’L [\ SRR |

V_'c‘_‘-..‘:_'

'.

’,

’

. e T E

Energy is deposited through chemical (molecular bond changres, bound electron
excitation and ionization) and nuclear (element transmutation, nuclear excitation
and induced radioactivity) interactions. The macroscopic effects are evident in

device failure alter a critical level of radiation exposure is reached, Most often

:
-1
:
1

|

this critical level depends directly on the nature and energv characteristics of the
incident radiation.

A major concern is the on-orbit lifetime of microelectronic devices that are
designed to a specific level of radiation "hardness’' (such as 107 2107 vad). There
is in manv cises a trade -off between orbit choice and svstem lifetire that ust be
determined,

A lowest order approximation to the expected radiation exposure etfects can be
estimated bv combining the energyv deposition rate versus incident energyv curves
»f Janni and Radkeloo with the expected radiation belt flux intensitv deduced from
previous observations, as in Section 5.8, or from theoretical modeling, A sir ple
(but verv crude) approach to estimating the radiation dosage follows:

It is assumed that shielding is equal in all directions so that a spherical =shield
approximation can be used. The shielding is also assumed to be aluminum or close
to it in density. The incident omnidirectional particle fluxes are normalized (or
scaled) to unity at a selected energy so that dosage need onlv be calculated as u
function of spectral shape. The dose rate for a given energv spectrum is found bv
multiplving the resulting dosage by the model (or measured) omnidirectional flux
at the selected energy. Total dosage is determined by integrating over the expected
exposure time of the satellite.

Figure 5. 61 shows a number of exponential spectral radiation curves normalized
to unitv at 1 MeV for energetic electrons up to 6 Me\'. By picking the one curve
that most nearly approximates the actual expected radiation energv spectrum, one
has a one-parameter spectral representation, the spectral e-folding energv €.
One then proceeds to calculate the radiation exposure for the normalized spectrum
behind a certain thickness of shielding bv using the curves in FFigure 5.62, This
process has to be averaged over the expected radiation conditions for the expected

spacecraft orbit during the period of the desired orbital operations,

100, Janni, J., and Radke, G. (1979} The radiation environment and its effects
on spacecraft, Quantitative Modeling of Magnetospheric Processes,
Ed., W, P, Olson, Geophvsical Monograph 21, AGU.
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A similar technique also applies to ions. lor protons, Figure 5.63 shows a
similar set of exponential spectral radiation curves extending to 300 Ae\, and
Figure 5, 64 gives the radiation exposure dosage as function of the aluminum shield-
ing thickness. Notice that the shielding is generally less effective in reducing the

radiation dosage due to the very energetic ions in the radiation belts.
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5.8.1 Detector Malfunctions

Single particle upsets occur when an incident single particle creates enough free
electrons in the target material to simulate a device logic state change. Single par-
ticle effects are particularly severe in small (< 10 u m) sensitive regions of micro-
electronic devices. Figure 5.65 illustrates the incidence of a cosmic ray (very
energetic heavy ion) in a single memory cell commonly used for onboard informa-
tion storage. Notice that the volume where the ionization takes place is at least
comparable to the sensitive cell region itself., It is presently not established whether
reduction in cell size will always increase the soft error or single event upset
rate; it is conceivable that with very small memory cells the ionization volume

could encompass many cells.
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SCHEMATIC REPRESENTATION OF SENSITIVE REGION

IN A SINGLE MEMORY CELL //

Figure 5.65, Illustration of Radiation Lffect; klectron-Hole
Generation Near a Sensitive Region as a Result of L.ocal
Ionizatiopog’roduced by a Traversing Cosmic Ray or Lnergetic
Particle

On the average, the effect of single-particle incidence on detector materials,
such as aluminum and silicon, is the generation of one electron-hole pair per
3.6 eV of energy deposition. Thus, | rad of incident radiation in 1 g of material
creates 1.74 X 1013 electron-hole pairs. KEven a moderately energetic radiation
belt particle (for example 1 MeV) will create a large number of free charge carriers
in the detector material and may lead to false signals. Prolonged exposure to
energetic particles degrades the detector performance bv the accumulation of mater -
ial microstructural damage. For example, solid state detectors of the Al-Si-Au
variety are found to have a factor of 10 increase in useful lifetime when the aluminum
side is facing the radiation exposure (as compared to the gold side). Very energetic
and very heavy cosmic ray ions have a particularly devastating effect on detector
svstems; for further details see Adams and Partridgelo2 and McNulty et al. 103

Figure 5.66 shows an example of a nuclear interaction occurring near a sensi-
tive region of a radiation particle detector or other solid state device. An incident
proton, for example, will stimulate a 285'1 nucleus to emit an alpha particle, which

has a short range. The recoiling 285'1 nucleus stops in even a much shorter distance.

101, Blake, J.B. (1981) Personal communication.

102. Adams, J.H., Jr., and Partridge, K. (1982) Do Trapped Heavy lons Cause
Soft Upsets ¢ i Spacecraft? NRI. Memorandum Rcport 4846.

103. McNulty, P.J., Wyatt, R.C., and Farrell, G. k., Filz, R.C., and
Rothwell, P.L. (1980) Proton upsets in L.SI memories in space,
Space Systems and Their Interactions With kLarth's Space linvironment,
Eds. H. B. Garrett and C. P, Pike, Progress in Astronautics and Aeronautics,
Vol. 71, Publ, by American Institute of Aeronautics and Astronauti:s.
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Figure 5.66, Illustration of the Production of
Numerous Secondary Particles From the
Nuclear Interaction of the Primary Particle
in a Senﬁ&tive Volume of a Solid State Detector
Devicel

The combined effect can deposit tens of MeV in a small (10 X 20 X 20) u m volume

Accelerator datalo3 indicate that the proton

6

element creating a "'soft" (data) error.
induced (E > 40 MeV) soft error rate is less than 10~
An upper limit to the expected error rate (error/sec), therefore, can be found by

However, if trapped heavy
104

soft errors/ (pr‘otons-cmz).

using the proton flux models for E > 40 MeV times 10-6.

ions are sufficiently abundant they could dominate the soft error rate.

5.8.2 Memory Alteration

Certain microcircuitry used in current spacecraft instrumentation has proven
very susceptible to the effects of energetic heavy ions in the radiation belts and in
the cosmic radiation. Memory chips and microprocessors are frequently found
to have their logical states and information content severely altered by the localized
energy deposition process. Similar effects can result from alpha-particle emission

from nuclear interactions and from natural and induced radioactivity in the devices

themselves.

104. Adams, J.H., Jr., Silverberg, R., and Tsao, C.H. (1981) Cosmic Ray
Effects on Microelectronics, Part I: The Near-earth Parficle Tnviron-

ment, NRL Memorandum Report 45086.
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If the effects are infrequent in occurrence, engineering design emphasizing
redundancy of the critical components could circumvent the problem, However,
when the effects are frequent and/or persistent this approach may not be feasible.

Figure 5.67 shows the energy deposited in a 10 4 m - thick sensitive region by .
different ions over a range of incident energies. 105 The vertical scale on the right :

denotes the number of electrons produced. As a circuit becomes smaller and more

complex, less deposited energy (charge) is needed to trigger errors.
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Figure 5.67. Energy Deposited in 10 u m of Silicon by Different
Ions, The scale on the right shows the number of free electrons
released. The low energy part of the curve occurs when the

ion penetrating range is less than 10 4 m so that it deposits all
its energy [E. Petersen, NRL105]
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105, Petersen, E. (1981) Private communication.
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5.8.3 (‘ontrol System Failure

(“ Radiation induced errors in electronic circuitrv can be particularly damaging
="+ when thev occur in critical circuitey such as control systems or in decision making
f logic. \While other non-critical circuits mav continue to function with false informa-
-: tion, control svstems can latch-up, that is, be switched into an undesired mode

.';':‘ from which there mav be no reset option. Certain circuitry switching may cause

burnout of electrical svstems or even worse effects, particularlv when propulsion,
g attitude or weapons systems mav be involved, For these reasons it is imperative
that proper safeguards and redundancy design be considered in the earlv stages of

spacecralt engineering,

.\-_.'
A 5.8.14 Biological Effects
*.' There is an extensive literature on space biologv [see for example Bacq and
_'.'-': Alexanderlos]. Here we shall only point out that the quiet time radiation belts at
)
_',:.': some locations present a lethal radiation dosage to a man in a space suit or even
Ay within a vehicle. But even outside the main trapped radiation zone, there are
4 intermittent high fluxes of solar energetic particles, I'nr example, it is believed
FAL] . . . .
FAS that the energetic particle fluxes associated with the August 1972 solar flare/mag-
':.;: netic storm event would have been extremely harmtul to humans almost anywhere
'::'-: in the earth's space environment, The method presented above can also be used to
L] estimate human radiation exposure behind different shielding designs. A definitely
. - 1 s
\ lethal dosage is about 500 rads, 07 although lesser amounts of radiation can be
-t .
NN harmful too.
.
‘:.‘c
‘-: .
» 5.9 MAN'S IMPACT ON THE RADIATION BELTS
2o T'he activity of mankind can, to a significant degree, influence the earth's radia-
::-,' tion environment. kxamples are nuclear detonations (fission and fusion), accelerator
-;-:- particle beams (neutral and charged), release of chemical substances, injection of
-'.'- metallic powders, and electromagnetic wave energy production. The effects of some
P .
o »f these modification sources have not vet been studied, but for others a substantial
ae bodv of knowledge is available.
S
i —_—
.'-’_:' 106. Bacq, Z.M., and Alexander, P. (1961) Fundamentals of Radiology,
A Pergamon Press, New York.
- 107. Desrosier, N.W., and Rosenstock, H.M. (1960) Radiation Technology in Food,
Agriculture and Biology, The Avi Publishing Co,, Westport, Connecticut.
.
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5.9.1 Nuclear Detonations

A great pulse of electromagnetic energv and a vast number o! free neutrons
and other particles ure released in nuclear explosions. In the nucleur fission pro-
cess, the fission fragments also carry significant kinetic energy. The product of
nuclear fusion 1s generally a stable particle (He), which may be ionized. As o rule
of thumb, -~ 1026 fast neutrons (each of which decay into a proton-electron-neutrino
triplet) ave released per megaton nuclear explosive yield.

The size of the nuclear fireball depends not only on the explosive vield, but
also on the medium in which the detonation occurs., In field-free emptv space the
fireball will expand without limits, but in the presence of material substances or a
magnetic field the fireball is effectively restrained. In a dense gas (such as below
~ 100 km in the earth's atmosphere, collisions between the explosion products and
the atmospheric constituents dissipate much of the detonation energv as heat. About
half of this energy is radiated away and the thermalized remainder is typically at
6000 to 8000 k. 108 At an altitude of 60 km in the earth's atmosphere, a 1 megaton
fissional detonation will have a fireball radius of ~4 km, and for the same nuclear
explosive yield this radius will be smaller close to the ground. The fireball itself
may accelerate to velocities of several km/sec due to buovancy and shock processes.
High altitude and space detonations (more than 100 km above the earth) have the
fireball size limited by the magnetic field, This occurs because the explosion
generates electrically charged fragments which are thus susceptible to the magnetic
force, q \-;X ﬁ, where g is the particle charge and \_; its velocity. A nuclear detona-
tion of 1 megaton can have fireball expansion to ~ 1000 km across the magnetic field
when the B-field has a value B = 0.5 G, The expansion is not magnetically limited
along the field lines, except for ihe mirror force in converging magnetic field
topology.

Depending on the location of the nuclear detonation, a certain fraction of the
neutrons may decay within the earth's magnetic field trapping region, and the decay
products will thus constitute artificially created trapped radiation. }or nuclear
fission, the fission fragments also emit particles (such as electrons and a-particles)
before reaching a nucleonic configuration as a stable isotope. This process further
contributes to the trapped radiation, and the characteristic electron energy is | to

8 MeV from this source.

108. Zinn, J., Hoerline, H., and Petschek, A.G. (1966) The motion of bomb
debris following the Starfish test, Radiation Trapped in the Earth's

Magnetic Field, D. Reidel, Holland.
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Studies of nuclear detonation effects have shown that even small high altitude
explosions (in the kiloton range) affect the radiation belts considerably (see for
example reviews by Hess109 and Walt. 110 Table 5.4 gives an overview of the
known radiation belt effects of the Teak, Orange, Argus-1, Argus-2, Argus-3, and
Starfish nuclear detonations carried out at high altitudes by the United States, and
the USSR-1, USSR-2, and USSR-3 high altitude nuclear detonations by the Soviet

Union.

Energetic charged particles exiting the upper atmosphere along the geomagnetic
lines of force are generally within the atmospheric bounce loss cone. In the ab-
sence of significant pitch angle scattering, such particles will follow the field lines
and precipitate into the conjugate hemisphere. Empirically, however, a significant
fraction of the nuclear detonation particles become trapped in the radiation belts.
This implies that significant pitch angle scattering must take place from the angular
aol.(‘)' and

this pitch angle scattering must take place on the time scale of a single half-bounce

source-cone region (ao N aoLC) to stably trapped particle orbits (afo >
Tb"Z [whichis of the order of seconds] (see Figure 3.5).

Following an artificial injection of particles into the radiation belts, the normal
radiation belt radial and pitch angle diffusion mechanisms will operate. The initial
narrow injected radial distribution will broaden, and the charge ¢xchange (for ions),
and Coulomb energyv degradation mechanisms, and transient plasma wave inter-
actions will modify the characteristics of the injected distributions. Depending on

the location, the artificial radiation belts may last for dayvs or vears, 1,11z

The effects of accelerator beams injected into the radiation belt region are
likely to be similar to those of the nuclear detonation particles, buat the vield (in
terms of number of particles) is likely to be much smaller. On the other hand,
since the beam particles may be generated over a very wide range of energies

(thermal to relativistic) a more precise study of their effects is warranted.

109. Hess, W.N, (1968) The Radiation Belt and Magnetosphere, Blaisdell PPub-
lishing Company, Waltham, DMassachusetts.

110, Walt, M. (1977) History of artificial radiation belts, The Trapped Radiation
Handbook, (kds., J.B. Cladis, G. T. Davidson, and [..1.J Newkirk),
[.ockheed Palo Alto Research Laboratory, DNA 25241, Revision,
Januaryv 1977,

111, Walt, M., and Newkirk, L.L. (1966) Addition to investigation of the decay of
the Starfish radiation belt, J. Geophys. Res. 71:1966.

112, sStassinoupolous, E.G., and Verzario, P. (1971) General formula lfor decav
lifetimes nf Starfish electrons, J. Geophvs. Res. 19:1841.
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< 5.9.2 Release of Chemicals

Chemical releases for research purposes have been carried out at high altitudes.

. In most cases barium or lithium was released to trace magnetic field lines locally {
“ and to assess the magnitude of electric fields and upper atmosphere winds. Chemi- {
"<: cal releases into outer regions of geospace are also planned. Such programs may

modify the environment locally (for example, by altering plasma wave dispersion

.::\ characteristics), but are not expected to impact the radiation belts seriously unless
: large quantities of chemicals are used.
. Extensive operations with rocket propulsion or special ion engines could, how-
:'_::: ever, drastically alter the different particle populations und could lead to profound
‘ changes in the radiation belt structure. To date no comprehensive environmental
-.‘ impact analysis has been carried out.
N
:.'.: 5.9.3 Transmission of Radio Waves
"c:. It has been suggested that electromagnetic wave energy from tropospheric
e thunderstorm activity and whistler-mode waves from VLF radio transmitters can
_-‘: perturb the energetic electron component of the earth's radiation belts. Correlative
_::: studies indicate that energetic electron precipitation not only occurs from natural
i-: sources“3 but is also associated with strong terrestrial radio transmitter radio
" operations. 114-117 Precisely to what extent man's electromagnetic wave generation
A influences the overall radiation belt structure is not known, however,
_;-: /
::::: 5.9.4 Effects of Space Structures
;::' Proposed operations of large man-made metallic and electrically insulated space
] structures will produce local "singular’ regions in the magnetosphere. Associated (
Yy with space shuttles, space platforms or space power arrays will be hydromagnetic :
_'J wakes in which the wave and particle behavior will go through a sudden change. It
- X it not known whether or not these cavity phenomena may have a significant effect on
_\,‘, the radiation belts themselves. For some details see Garrett and Pikel 18 and
' references therein,
As of this writing it is not easy to predict to what extent man's endeavor in the 1
terrestrial magnetosphere will alter the natural space plasma and radiation environ- ]
i 4 ment. As geospace becomes more heavily utilized these questions should be properly
! addressed.
|
- mr.he large number of references cited above, they will not be listed here.
;" See References, page 127.)
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